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FOREWORD

This technical report was prepared by the Northrop Corporation, Aircraft
Division, under Contract AF33615-72-C-1891 (Project 486U). This work was
sponsored by the Air Force Flight Dynamics Laboratory (AFFDL), under the
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port was performed between June 1972 and June 1973.

Listed below are the primary participants together with their areas
of participation:

F. A. Figge - Program Management

L. Bernhardt - Design

W. Hilker - Stress Analysis and Weights

V. Frost - Stress Analysis

L. Jeans - Damage Tolerance and Fatigue Analysis
R. Wells - Materials and Processes

J. Hill - Manufacturing

J. Bennett - Cost Analysis

R. Clemens - Quality Control and NDI

W. Sturrock - Quality Control and NDI

This Technical Report has been reviewed and is approved:

v/John C. Frishett, Major, USAF

Program Manager, AMS Program Office
Structures Division

ii



ABSTRACT

The objective of this program was to reduce the weight of a fighter wing
and carrythrough structure while maintaining its cost and life approximately
equivalent to the baseline. Innovations in design concepts and application of
new materials, manufacturing methods, and analysis techniques were to be ex-

pected.

General tasks of the program were to provide for concept formulation,
first iteration preliminary design, material property testing to support pre-
liminary design, and preliminary planning and cost estimation of a separate
follow-on program. An additional task, initiated several months after the
basic go-ahead, was to consider the new Damage Tolerance criteria sensitivity
. and trade studies, utilizing the baseline structure, materials and spectra,
and by imposing "USAF Damage Tolerance Criteria,! MIL-A-008866, dated 18
August 1972,

The report is divided into three volumes: Volume I contains the basic
report, Volume II contains the damage tolerance criteria sensitivity study,

and Volume III contains the results of the materials test program.

The structural wing box of the Northrop F-5E Air-Superiority Fighter was
selected as the baseline structure to provide realistic structural and func-
tional constraints and requirements for the study. It is a dry wing, all-
aluminum, multi-spar design. It can carry a large variety of external stores

and weighs approximately 1,000 pounds.

From a large variety of initial concepts, three designs emerged as having
potential for further study and evaluation in a follow-on program. These are:
(1) A full depth honeycomb design, featuring titanium skins and aluminum core,
(2) a six-spar design featuring aluminum upper skin, titanium lower skin and
substructure, with extensive use of welding between the lower skin and sub-
structure, and (3) a six-spar all-aluminum design, somewhat similar to the
baseline, but utilizing sine-wave spars, titanium tip and landing gear ribs,

and some newer aluminum alloys.
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SECTION I

INTRODUCTION

The objective of the preliminary design study was to evolve, evaluate,
and compare new structural concepts in order to reduce the weight of a fighter
wing and carrythrough structure while maintaining its cost and life approxi-
mately equivalent to a representative advanced lightweight fighter system.

To achieve this objective, advantage was to be taken of (a) innovative

design concepts and applications, and (b) new and improved materials, proces-
ses, and manufacturing methods which generally have had sufficient develop-
ment to show near-term potential for possible application to next generation
systems--operational in about the latter 1970's or early 1980's. It was also
necessary that all of the advanced structural design concepts comply with the
damage tolerance requirements of MIL-A-008866, Revision D, dated August, 1972.

The Northrop F-5E Air Superiority Fighter (fifteen to twenty thousand
pound gross weight) was selected as the baseline to provide realistic func-
tional, structural, and operational requirements and constraints for the
study. The specific component examined was the main wing box and carry-
through structure. The baseline aircraft structural box is "dry,'" continuous
from tip to tip (25.2 feet), has maximum depth of 5.8 inches, and is designed
for a maximum load intensity of 24,000 1b/in., The structural box is essen-
tially all-aluminum alloy, has external stores provisions at the tips and two
other stations per panel, is designed to the MIL-A-8860 series of structural
design criteria specifications, and weighs approximately 1,000 pounds.

The design concepts considered in this study were partially based on
recommendations arising out of work performed by Northrop under Contract
AF33615-72-C-1451, "Advanced Lightweight Fighter Structural Concept Study",
and partially on suggestions arising out of brainstorming sessions early in

the program.

A variety of configurations studied included features and combinations,

such as: full depth honeycomb; integrally stiffened, thick-skin, and



sandwich panel covers; various arrangements and constructions of spars;
mechanically attached, welded, and adhesive bonded assemblies; and aluminum

and titanium alloys. Weight and cost comparisons were obtained.

From the studies, three design concepts were evolved for further study.

The concepts are:

1. Full-depth adhesive bonded honeycomb with titanium upper and lower

covers

2, 6-spar with aluminum upper covers, titanium lower covers, titanium

substructure and extensive use of welding of the titanium.

3. 6-spar aluminum design utilizing sine-wave spars and advanced

aluminum alloys

It was found necessary to either add advanced composites to the covers
of the various concepts, or increase skin gages slightly to increase tor-

sional rigidity for aeroelastic requirements.

Substructure studies focused largely on design and manufacturing/mater-
ial processes in an attempt to reduce costs, as it was found that those com-
ponents contributed to costs in a significant way. Specifically, a trade
study was conducted amongst twenty-one different spar concepts, the results
of which showed that a sine-wave type spar, either formed or forged, was the
most cost effective. Precision aluminum forgings continue to show consider-
able promise, and some advantage appears to be gained by using titanium cast-

ings, although not as great as originally thought.

New and advanced metallic materials were tested considering primarily
static and fatigue strengths, corrosion and stress-corrosion, toughness and
crack-growth rates. Promising materials identified for specific application

are:

1. Titanium: Ti-6-4 BMA Plate and Sheet
Ti-6-4 BMA Forging
Ti-6-4A Casting
Ti-6-22-22 STA Plate
Ti-6-22-22 STA Forging

2., Aluminum: X2048-T851 Plate
7050-T736 Forging



7050-T7651 Plate
7175-T736 Forging
7475-T7651 Plate

Steel, beryllium, and magnesium alloys were found to have very little

potential for the wing concepts investigated in this program.

Allowable design stresses were determined for the various elements of
the wing box. Fatigue analyses were used to develop allowables to meet safe-
life requirements. Fracture mechanics analyses were used to find the damage
tolerance allowables for several materials and design concepts primarily for

the inspectable and non-inspectable safe crack growth conditions.

Detail weight estimates were made for the various design concepts--each
satisfying all of the strength, fatigue, damage tolerance, and aeroelastic
requirements. The lightest advanced concept structural wing box (full depth
honeycomb construction with titanium upper and lower covers) weighs approxi-
mately 870 pounds. The heaviest concept, using multispar construction with
aluminum upper covers and titanium lower cover weighs approximately 933 pounds.
These values compare to approximately 981 pounds for the F-5E production wing
box. Weight penalties incurred by the various concepts for the addition of
either advanced composites or increased skin gages to restore torsional stiff-
ness to the F-5E requirements range from O to 18 pounds. These are included

in the weights quoted above.

Cost estimates were developed for each basic design concept. Estimates
were based upon projected 1977 material and labor costs, the average cost of
a 300 lot procurement, and the assumption that advanced materials, processes,
and manufacturing development costs would be borne by separate development

programs.

Costs of the various concepts varied from 1.6 to 0.75 times the baseline
cost. The most expensive design was a 5-spar design which employed titanium
honeycomb stiffened skins. The least expensive design was a 6-spar aluminum

concept employing sine-wave spars and some newer aluminum alloys.

Recommendations are made for areas where further technology development

work should be done.



SECTION II
BASELINE

1. DESCRIPTION

To provide a realistic set of requirements and parameters upon which to
focus the studies conducted under this program, it was necessary to select a
suitable baseline airplane and wing component. These requirements and

parameters were to set such factors as:
1. General geometry and size of the wing.
2. Loading intensities (static and fatigue).
3. Operational performance boundaries (load factors, speeds, store
requirements).
4, Other various typical functional requirements such as:
a. Hardpoints for external stores, landing gear, and control
surfaces.
.b. Provisions for electrical, hydraulic, and mechanical control
systems.

It was desired that the structure to be studied be derived from a
modern, lightweight fighter type of aircraft in about the 15,000 to 25,000
pound gross weight class. This generally corresponds to a system designed

primarily for the air-superiority mission role.

The Northrop F-5E air superiority fighter is the baseline aircraft desig-
nated for this program. The F-5E is the latest member of the F-5 series of
supersonic fighters designed for high performance, low initial and operating
costs, and minimum logistics requirements. Fuselage and wing structures have

been redesigned, and the airplane is currently in production at Northrop.

First flight took place in the summer of 1972, The F-5E is just entering



service, but the basic design has been proven by more than 1000 F-5A's and

F-5B!'s in worldwide operational service.

The F-5E is a single place, twin turbojet, supersonic fighter. The con-
figuration includes a low wing, all-movable horizontal tail, and conventional
vertical fin and rudder. General configuration (three-view) is shown in
Figure 1. Numerous service-proven features are retained from previous F-5
models. These features are essentially a consolidation of the special items
provided separately for various nations operating earlier F-5's. Some of

these features are:
1. Two-position nose gear, to raise the aircraft nose to increase
angle of attack for shorter takeoff capability under heavy load

(Canadian CF-5's and the Netherlands NF-5's currently use this
system),

2., Electrically heated anti-ice windshield for cold weather en-
vironments (originally developed for Norwegian F-5),

3. Jet-assisted takeoff provisions and tail arresting hook for
use on short runways (Norwegian F-5's),

Emphasis on maneuverability and air combat capabilities in F-5E design
is a departure from earlier F-5's, which were designed more as general-pur-
pose attack aircraft. However, earlier F-5's were very agile aircraft,
enabling them to consistently defeat other high performance aircraft in
simulated air combat maneuvers. To improve maneuverability, the F-5E has a
maneuvering flap system that can be deployed instantaneously and continuously
ta increase turn rate. The flap system is similar to the one currently in
use on the CF-5's and NF-5's. This system employs both leading edge and
trailing edge flaps. Although the primary emphasis is on maneuverability,
F-5E power, speed and climb performance have been increased by use of two
new 5000-pound thrust J85-GE-21 engines with enlarged ducts and auxiliary
inlet doors. Additional F-5E characteristics are presented in Table I.



TABLE 1. F-5E CHARACTERISTICS

BASIC WING (Excluding L. E. Extension)

SPANG: ¢ s 5 6« s s s s H s v LT e E o n g e wha w e s s s e s e 26.7ft
TR =  m 5 & x5 & 3 & 5 5w % oy mm mm ewwe hmaa B G s eaE 186.3 ft 2
Taper Ratio . . -« ¢« v v v i vt i e 0.19
ABPECt RAtIO + « « v o e v v v e e v o raronn oot aois st sonsns 3.82
Sweepback of 25% chord. . « « v v v vttt e e e 24°
Airfoil Section . « « « v v v v v v s o0 v o R S NACA 65A-004.8 modified

POWER PLANT

Engine . .. .. S R I 2 J85-GE-21 Turbojet with afterburners
Maximum Power Rating
(with afterburners). . ... .. ... 10,000 lb. sea level static thrust.
WEIGHTS
EMPLY & 6 6 6 0 5 5 5 5 6 5 8 00 8 10 % 0 i3 0 5w 40w e w e e e @ow e wow b Bife 8oe 8 %6 b 9588 1b
T.O. Weight
Launcher Rail Configuration, . . ....................... 15,400 1b
AIM-9 Configuration. . ... .........cotvineenenrnennn 15, 745 1b
Maximum Gross Weight. . . .. ... ........ ... .. ... ... 21,834 1b
DESIGN LOAD FACTORS
Air-to-air configuration. . . . . .. .. ... ... .o o oo, 7.33g and -3.0g
Air-to-ground configuration. . ................ ..o 0 6.5g and -2.0g
PERFORMANCE
Time to climb - sea level to 40,000 ft . .. .. .. ... .. .. .. ..., 3.6 min
with afterburners
Combat radius
Subsonic intercept (no external tank) . . . . .. ... .o o oo 400 nmi
Supersonic intercept ( 275galtank). ... ... ... . ... ... 190 nmi
Combat Celling « s s « « s s s+ sssanmusnanoonnasssonenalonsasns 53,500 ft
Maximum Speed at 36, 000 ft:
Launcher Rail Configuration .. ... .................n Mach 1. 6
AIM Configuration . ............ cwed e EEEE G E|E YN Mach 1.5
Takeoff distance (AIM-9 configuration). . . . .« . ... v v v e 1900 ft

The F-5E has two M-39 20 mm nose cannons, providing a combined firing
capability of 3000 rounds per minute (about 11 seconds of continuous fire).
In addition seven external stores stations are provided (five jettisonable

pylons and two wing tips). External stores capability is shown in Table II.
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TABLE II, EXTERNAL STORES CAPABILITY

450
STORE STATION CAPACITY — LB <

1000

M-39 20MM GUNS

QUALIFIED ITEMS

STORE

TP

WS
123.0

WS
93.5

Ws
123.0

TiP

275-GAL TANK

AIM-9B, AIM-9E, AIM-9J SIDEWINDER

TDU-11/B TARGET ROCKET

M129E2 LEAFLET BOMB

MK-36 DESTRUCTOR (MK-825SE & MOD KIT)

MK-82 GP & SNAKEYE 500-LB BOMB

MK-84GP 2000-LB BOMB

BLU-1B, BLU-1B/8B, BLU-1C/B, 27/8B, 27A/8B, 278/8
FINNED AND UNFINNED NAPALM

BLU-32A/B, BLU-32B/B FINNED AND UNFINNED
NAPALM

CBU-24B/B, CBU-49B/B, CBU-52A/B, CBU-58/8
CLUSTER BOMB UNIT

LAU-68A/A (7) 2.75-INCH ROCKETS

LAU-3/A, LAU-3A/A (19) 2,75-INCH ROCKETS
TO MAP REQMTS

SUU-20/A, SUU-20/A(M), SUU-20A/A,
SUU-20B/A BOMB AND ROCKET PACK

SUU-25A/A, SUU-25C/A FLARE DISPENSER

TDU-10/B TOW TARGET (DART W/CARRIER)

RMU-10/A REEL (DART)

GROWTH ITEMS

50-GAL TIP TANK

275-GAL TANK

150-GAL TANK

M117, 750-LB BOMB

ROCKEYE Il (MK-20 MOD 2) CLUSTER BOMB

MK-81 GP & SNAKEYE 250-LB BOMB

MK-83GP 1000-LB BOMB

CBU-2A/A, CBU-9/A

LAU-60/A (19) 2.75-INCH ROCKETS TO MAP
REQMTS

LAU-10/A (4) 5-INCH ROCKETS
TO MAP REQMTS

TRIPLE EJECTOR RACK (TER) W/MK-81 GP AND
SNAKEYE

MULTIPLE EJECTOR RACK (MER) (5) MK-81 GP
AND SNAKEYE

MER (5) MK-82 GP AND SNAKEYE

TER/MK-82 GP AND SNAKEYE
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Current structures and manufacturing technologies are utilized in air-
frame design., Structural configuration, materials, manufacturing methods,
and analysis techniques used are based on experience accumulated over 10
years of design, production and service of the F-5's., The structural design
criteria are based on MIL-A-8860 series specifications, The F-5E structural
integrity program is in accordance with applicable portions of ASD-TR-66-57.

The F-5E is representative of present day operational high performance
air superiority fighters., The availability of design, manufacturing, ground
test, performance, and cost data of earlier F-5's provides a good reference
to measure efficiencies, integrity and reliability., The use of current
structures and manufacturing technologies assures that the baseline weights
and costs represent a valid reference from which to measure technology

advances developed in the proposed program.

a. General Description

The F-5E wing panel, as shown in Figure 2, consists of the main box
structure including carrythrough, leading and trailing edge flaps, ailerons,
leading edge extensions, and trailing edge panels. The main landing gear is
in the inboard portion of the wing and attached to the rib at Wing Station
(W.S.) 73.3 and inboard portion of the 44% spar. External store capabilities
are provided at the wing tips and by jettisonable pylons at W.S. 93.5 and
WeSe 123.,0., The wing panel is a single piece structure extending continu-
ously from tip to tip with no cover splices. The wing attaches to the fuse-
lage at six points: two each at the 15%, 44%, and 66.6% spars -- the former
two locations being the primary attachments and the latter (66.6%) being a
'secondary' shear tie attachment. Basic wing dimensional data are contained

in Figures 2 and 3 and in Table I.

b. Main Wing Structural Box

The main wing structural box (including carrythrough structure), the

focal point for the present study, is shown in Figure 3.

The main wing box is a thick-skin, multispar, all-aluminum structure

except for steel ribs supporting the landing gear and wing tip stores. As

12



noted above, the wing is attached to the fuselage through six shear-type
fittings. The fittings at the 157 and 447 spars are integral parts of two

canted, forged ribs located at the wing-fuselage intersection line.

AIRPLANE
L FS.
, 303.00
i
ERE S EDSEELAR ¥ WING FORWARD ATTACH POINT
: FS.
| T 341.14
STA v,:*"-: e
109.50 TOR —
STA  WING R
123.00 W Sl e
/' -------------
AN . . _Fs
- 37357
WING AFT ATTACH POINT
¢ GEAR STRUT
iy : WING 66.6% ATTACH POINT
404.71 4 ._,-' e _r ; _“. , At - g i ;
44% o fe . = e = s SR WD S W S, g S \73-“
51% o - S Vi == = o SR A WSS s S S (T.E. FLAP HINGE G)
58.26% * sl : . A B ‘
66.6%
70% STA —————— = \ |
Al ATLERON STA —~ — | FS.
(AILERON HINGE §) 13080 saso  TRAILING EDGE FLap & —— aan
WING WING ‘ )

FIGURE 2, F-5E WING PANEL STRUCTURAL ARRANGEMENT
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Pylon attach ribs are incorporated in the wing structure at Wing
Stations 93.50 and 123,00, The pylon at W.S. 93.50 is attached with five
bolts and two shear pins and the outboard pylon with four bolts and two
shear pins. Each wing tip has a structural attachment for either an AIM-9

missile launcher or a 50-gallon fuel tank.,

The main landing gear strut well is bounded by the W.S. 73.30 rib, the
447 and 66,67 spars and the side of the fuselage.

Inboard of W.S. 73.30, the torque box structure extends from the 159
to the 447 spars and Fuselage Stations 341.14 and 373.57 in the carrythrough
region across the fuselage. Between W.S. 73,30 and 116, the torque box
extends back to the 66.67% spar, and outboard of W.S. 116 it extends back to
the trailing edge. The large majority of the bending structure is between
the 157 and 447 spars.

Various systems are contained in the main box structure. Fuel line,
air vent line and electrical conduits extend from the root to tip. Hydraulic
actuators for the ailerons are in the aft portion of the box at approximately
W.S. 93.5. No internal fuel is contained in the main box because of its

small volume and the need to provide space for the functional systems.

(1) Main Skins

The upper and lower skins are machined from aluminum alloy plate exten-
ding across the entire wing span terminating at W.S. 151.0. Of significance
are the skin "lands" which provide a common plane for the spars and ribs
and also provide load paths for the axial loads in the spars where they end
abruptly at a rib. Flaring of the skin lands at spar and rib intersection
points assures gradual load pickup to the skins thus reducing load concen-
trations. The upper skin is made from 7075-T651 aluminum alloy, and the
lower skin is made from 7075-T7351 aluminum alloy.

(2) Spars

All spars are channel sections except the 66.6% spar, which is an
I-section. They are machined from 7075-T73 and -T76 aluminum alloy extru-
sions and 7049-T73 (447) and 7175-T736 (66%) forgings. All spars are dis-
continuous at each rib with the exception of 15% and 66.67% spars. Integral

14
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rib tabs or angle clips provide the necessary shear ties between the spars

and ribs.
(3) Ribs

The root rib isccanted between W.S. 32.976 at the forward end to
W.S. 27.915 at the aft end. The rib ends are integral fittings which pro-
vide the shear ties to the mating fuselage fittings. The rib is machined

from a 7075-T7352 aluminum alloy forging.

The rib at W.S. 73.30 is continuous from the 15% to the 66.6% spar.
The rib is an I section machined from a Hy-Tuf steel forging. Lugs po-
sitioned at the 44% and the 66.6% spars provide trunnion supports for the
main landing gear. The inboard end of the forward trunnion lug ties

directly to the 44% spar, thus acting as a shear web in this area.

The rib at W.S. 93.5 is machined from a 7175-T736 hand forged billet and
is continuous from the 15% to the 39% chord, providing an integral four-point
socket fitting for support of the inboard pylon structure. The rib is
spliced at the 397 chord to an aileron actuator support rib which extends
aft beyond the 447 chord line providing backup support for the aileron
actuator as well as additional shear and bearing support for the pylon.

Auxiliary ribs extend aft to the 66,67 spar.

The rib at W.S. 109.5 extends aft from the 337 to the 66,67 spar plane.
The rib is an I-section machined from a 7075-T73 forging and serves as a

backup for the outboard aileron hinge fitting.

The rib at W.S. 123.00 is machined from a 7175-T736 hand forged billet
and is continuous from the 15% to the®66.6% spar providing an integral four-
point socket fitting to support thecoutboard pylon structure. The rib portion
aft of the 44% spar is an unsymmetrical I-section serving as load redistribu-

tion member for the secondary box skin panels.

The rib at W.S. 151,10 is continuous from the 157 spar to the trailing
edge. It is a solid rib forward of the 447 spar narrowing to an I-section
thin web rib aft of the 66.67 spar plane. The rib is machined from a 4140

steel die forging with integral lugs providing attach points for the tip
launcher and fuel tank,
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(4) Upper Skin Panels

The upper wing skin cover between the 447 and 66.67 spars and bounded
by the root rib and the rib at W.S. 73.3 consists of an aluminum honeycomb
panel with 7075-T6é facing sheets, This panel is the upper aerodynamic sur-
face of the main landing gear bay. The upper wing skin cover between the
447, and 667 spars extending from Wing Cant Station (W.C.S.) 91.7 to
W.S. 109.5 consists of an aluminum honeycomb panel with 7075-T6 facings.

This panel is the upper aerodynamic surface of the aileron mechanism bay.

(5) Lower Removable Panels

The lower skin cover between the 44% and 66.67 spars extending from
W.C.S. 85.2 to W.S. 123,0 consists, in part, of aluminum honeycomb panels
with 7075-T6 facings, and a machined skin panel. These panels are completely

removable and permit access to the aileron mechanism bay.

(6) Trailing Edge

The trailing edge structure between W.S. 151.1 and W.S. 116.0 consists
of a full depth honeycomb panel with 2024-T4 and closing ribs.

2. UPDATE

The baseline F-5E wing structure was designed prior to the existence
of the current USAF damage tolerant criteria (Volume II, Appendix II). This
criteria was applied to applicable portions of the baseline wing structure
to "up-date" this structure to these requirements. The objective of this
study was to estimate the weight and cost of a production state-of-the-art

wing which would be directly comparable, criteria-wise, to the advanced

concepts studied in this program.

Definitions of critical damage tolerant structure and the basic method
of analysis are outlined in Section III. 4. This analysis includes an
assumed sequence of failures taking into account the crack growth life of

the interior spar flange and load distribution into the skin subsequent to

18



spar flange failure. Additional necessary assumptions included in this

section that are pertinent to the baseline study are summarized below:

1. Plane stress plastic zone condition in spar flange and plane

strain in the skin panel.

2. Crack growth retardation prediction due to overloads based on

(1)

average of Willenborg, et al, method and linear cumulative

growth,

3. Spar flange not critical to flight safety (no damage tolerant

service life requirements).
4. Multiple 0,05 flaws at fastener hole common to flange/skin.

5. 0.05 fatigue induced flaw in skin at hole adjacent to above at

time of flange failure. This flaw location was the most critical.

The last assumption, while not required by the criteria for monolithic
structure, meets the "intent" of the criteria in the area of in-service

flaws.

Since the baseline lower skin is a monolithic structural arrangement,
the service life requirement would be two lifetimes or 8,000 hours for non-
inspectability. An analysis completed at the fatigue flawed fastener hole
demonstrated that the crack growth life exceeds the 8,000 hour requirement
(Figure 4). Thus, the wing meets the damage tolerance requirements and no

weight penalty is incurred in '"updating! the baseline.

(1) Willenborg, J., Engle, R. M., and Wood, H. A., "A Crack Growth

Retardation Model Using an Effective Stress Concept," AFFDL-TM-71-1-FBR,
January 1971.
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SECTION III

TECHNICAL ACCOMPLISHMENTS

1. TRUCTURAL DESIGN

a. Introduction

(1) Preliminary Effort

At the program's outset, some general design precepts were formulated

either in addition to, or as a result of, the supplied program definition.
It was generally conceded that the most propitious material for the
conversion of pre-production technology into production techniques was
titanium. While the principal advantage of titanium alloys (i.e., high
strength at temperature) was not required for the performance regime of the
selected F-5E baseline aircraft, it was felt that the exercising of titanium
technology in this program would provide the greatest benefits for future

generation aircraft of the air superiority class.

The second area of technological advancement deemed most likely to
produce the greatest return for effort expended was in material fabrication
techniques. The goal set forth was to reduce the material buy-fly ratio to
as low as possible, Inherent in all this is the assumption that all the
available advanced materials,be they aluminum, titanium or whatever, will

be given primary consideration.

With these precepts in mind, several brainstorming sessions were held.
The ideas put forth at these meetings ranged in scope from entire wing
structural concepts to methods of reducing the effects of through flaws at
holes in detail attachments. The end result of the brainstorming was a
multitude of detail and system concepts which combined geometrically into
such a vast number of possible wing designs that to investigate each
combination as a separate entity would exhaust all the time allotted for

concept selections and still not complete the task.

It was obvious that some sort of "game plan" was necessary to reduce

the complexity of the concept formulation task to manageable proportions.

Figure 5 depicts this concept formulation plan in flow chart form. A brief

explanation of its derivation follows.
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b—{  PROPERTIES }— PROPERTIES —{ PROPERTIES j—{  PROPERTIES
WING SPAR RIB SKIN
CONCEPTS CONCEPTS CONCEPTS CONCEPTS
PRELIMINARY PRELIMINARY PRELIMINARY PRELIMINARY
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FIGURE 5, CONCEPT FORMULATION AND EVALUATION FLOW CHART
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The "Quick Look'" program n showed that a significant portion of both
the cost and weight of any of the wing designs proposed was contained in the
substructure. It was also apparent that wings constructed of titanium, while
the lightest, were much more costly than wings constructed of aluminum. The
utilization of higher specific strength materials was influenced by the atten-
dant reductions in torsional stiffness of the wing and reduced compressive
allowables of the thinner gages employed, unless additional stiffening methods
were employed. This problem was compounded by the extreme thinness of the

F-5E baseline wing.

With this in mind, it was felt that a detail component optimization pro-
gram was in order, in which each detail concept was fully evaluated and
ranked. The flow chart shows the principal milestones in this procedure. 1In
this diagram, a column for complete wing system concepts is also shown. This
column's inclusion recognized that in some wing design approaches the compo-
nent parts are so wholly interdependent that they do not lend themselves to
separate detail analysis. The full depth honeycomb stiffened and truss spar
designs are prime examples of this.

The initial design effort concentrated on two principal areas. The
first was an in-depth cost-weight tradeoff of eight differing methods of spar
construction. These were expanded to twenty-one spar concepts when the addi-
tional variable of material was introduced. (See Figures 8 and 9 in Subsection
IIT.1.a.(3).) An illustration of the limits of spar spacing under considera-
tion and its attendant effect on systems plumbing in the wing is shown in
Figure 6. It will be noted that when more than six spars are used, it becomes
impossible to install the fuel and vent I%nes,in the wing. The chordwise dis-
tance between spars is less than the fuel and vent line connector fitting's
length. This fitting would have to be redesigned, separating the fuel line
and vent line into separate wing bays, thus altering the inboard wing pylon
interface, which is contrary to this progfam's ground rules.' Therefore, no

wing design with more than six spars was considered in this program.

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural Concept
Study, AFFDL TR-72-98, dated July 1972,
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While the possible combinations resulting from the combining of the two
studies was formidable, once design allowables, load distribution, and
stiffness and strain compatibility criteria were determined, a significant

reduction in the viable approaches was realized.

The second study was of wing cover construction approaches.
Multi-member, single member, external stiffening, integral stiffening,
spar spacing and material were the variables considered in this study.
An illustration of the initial wing skin concepts contemplated in this

program is shown in Figure 7.

(1

With the knowledge gained from the "Quick Look" study ~°, some general

constraints were applied to the aforementioned studies. These are:

1. All complex and or heavy section substructural members
will be precision forged or cast as their geometric
complexity precludes applying the other spar
construction techniques. (Note: The expense of 100%
machining has been amply demonstrated in "Quick Look"
and further cost analysis conducted later on in this

program substantiated this position).

2. When titanium or other high cost materials are used as
wing covers with integrally machined stiffeners, such

stiffeners shall not cause a material thickness increase.

3. There appears to be no method to manufacture a laminated or
lamelated fail-safe lower skin and avoid the extreme stress
concentrations demanded by the multiple flaw requirement
of the service life criteria under which this program must
operate. While this does not necessarily preclude fail-safe
multiple load path design, it does eliminate the conventional

laminated or lamelated approach.

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural Concept
-Studzg AFFDL TR-72-98, dated July 1972.
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SKIN CONCEPTS

UPPER SKINS
ALUMINUM OR TITANIUM
[ | T . o= o~~~
PLAIN PANEL INTEGRAL STIFFENED HONEYCOMB PANEL - BEADED PANEL
STIFFENED STIFFENED
BORSIC REINFORCED AL OR T
PLAIN PANEL
LOWER SKINS
ALUMINUM OR TITANIUM MONOLITHIC
PLAIN PANEL INTEGRAL STIFFENED HONEYCOMB PANEL BEADED PANEL
STIFFENED STIFFENED
BORSIC REINFORCED ALOR T
PLAIN PANEL
[{;_-'—é FI]l1ILJ F_F]lllﬁJl
ADHESIVE BONDED LAMELATED LAMELATE D
LAMINATED MECHANICALLY FASTENED BORSIC/ METAL MATRIX

COMPOSITE
MECHANICALLY FASTENED

FIGURE 7., WING SKIN CONCEPTS
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(2) Material Selection

Table III presents the material matrix for the final design concepts
produced in this program. While a more detailed account of the material
selection process is contained elsewhere in this report, a few anomalies and
contra-indicated (with respect to the "Quick Look Program') material selec-
tions seem to exist. The following remarks are intended to clarify these

substitutions.

While Ti-6A1-4V STA casting published data indicates significant
mechanical property improvement over the annealed condition, its low
ductility, substantiated by this contract's materials test program,
caused its exclusion from the program. Since a certain degree of plastic
deformation under load is an underlying assumption of any structural
analysis and the ability of Ti-6A1-4V STA castings to conform to this assumed
behavior is questionable, it was felt that the use of such a brittle material

for airframe primary structure entails too great a risk.

When the pylon ribs are changed to annealed Ti-6A1-4V, a weight
increase over the STA castings is incurred. These castings were only
marginally cost/weight effective with the higher strength material and
fail at being so in the annealed condition. Their use is now confined to
those designs where compatability of thermal expansion rates or their
weldability is required.

The aluminum spars and skins of the concept No. 3 wing tip are in
accord with least risk original design premise of that concept, The only
other cost/weight effective alternative is the adhesively bonded titanium
wing tip which fails to qualify in this instance.

(3) Wing Interior Spar Concepts

Figures 8 and 9 depict eleven spar configurations, made of both 6Al1-4V
annealed titanium and 2024-T3 aluminum, which have been evaluated on a basis

of manufacturing complexity, cost and weight.

While the number of designs under consideration may appear at first
glance excessive, it must be born in mind the height and thickness
variations will limit the applicability of many of these designs in some
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or all of the wing configurations under study in this program. It is for this

reason that so many spar variations are being studied.

This study consists of six spar designs for the center box between canted

wing station 38.926 ribs along the 38% plane. Spar No. 1, Figure 8, is of
one piece titanium sheet with a vertically corrugated hot formed channel web.
This design is also being considered in aluminum alloy. A test specimen of
this corrugated spar has been successfully formed from 0,063 thick 6Al-4V

titanium sheet.

Spar No. 2 consists of both spar caps welded to a sine wave vertical web.
The caps are tungsten arc (GTA) burn-through weldments. The welding of the
spar is accomplished by the GTA process which uses infrared sensors in a closed
loop control system, which provides automatic centering of the weld on the web.
This feature,by virtue of its eliminating the necessity for specific welding
fixtures for each spar configuration and high quality welds, is considered the

most economical for this particular spar design.

The third spar design is fabricated from a one piece titanium extrusion,
the web ends being slotted horizontally at the wing reference plane to allow
for the joggling of each spar cap flange. The slotted web is then plasma arc
welded to form the finished spar.

Spar No. 4 is a one piece extrusion of either titanium or aluminum alloys.
The upper and lower spar caps are step machined at each end instead of being

joggled as in spar No. 3.

It should be noted that only the titanium extrusions are finish machined
all over as the quality of the stock extruded surface is too rough to be ac-
ceptable for finished parts. This will also hold true for all subsequent ex-

truded titanium spar <desigu in this discussion.

Spar No. 5 will be made from two "L" shaped extrusions with machined spar
cap flanges as in configuration No. 4. The upper and lower halves are riveted
together, upon installation, along the center of the spar web to form the com-
plete spar. Spar material is either 6Al1-4V annealed titanium or aluminum
alloy. This two-piece approach eliminates much of the shimming required on

final assembly.
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Spar No. 6 will be made from two extrusions of 6Al1-4V annealed titanium.
The upper and lower spar caps are joggled at each end and each half is welded
together in the center of the spar web. The plasma-arc welding process is

again employed for this spar design.

Spars No. 7 through 11, Figure 9, are typical,tapered outboard wing
spars. It will be noted that one piece extruded titanium spars are excluded
from this discussion as the excessive flange stock required for machining the

taper makes this approach uneconomical.
Spar No. 8 is a tapered planform version of spar design No. 2.

The No. 9 spar is a three element, fail-safe spar consisting of a corru-
gated web of rectangular cross-section which is riveted to hat shaped spar

caps at both the vertical flanges and inner mold line; the latter attachment
being effected through tabs formed on the upper and lower edges of the corru-

gated spar web.
Spar No. 10 is the tapered version of spar No. 5.

Spar No. 11 is the same as spar No. 10, except the upper and lower halves
of the spar are welded together to form a lighter unit. This approach is
applicable for 6A1-4V annealed titanium only.

The results of this study are shown in detail in subsection I11.9.c.
From these results, it is readily apparent that the formed sheet metal sine
wave spar is the most cost effective design both in aluminum and titanium.
The stress analysis allows for the use of the titanium version in all inter-
ior spar applications as the maximum thicknesses required do not exceed «125,
the maximum gage capable of being formed to this configuration. The maximum

aluminum sheet gage of the interior spars can not exceed .125.

b. Concept No. 1 - Full-Depth Honeycomb Wing (Figure 10)

This design concept is one of the "Quick Look" designs selected for
further and more detailed study in this program, since it was the lightest
and most torsionally rigid design in the "Quick Look" Study.

This concept consists of nine full-depth aluminum honeycomb core bays
(bounded by peripheral spars and ribs) adhesively bonded to machine-tapered

titanium plate skins. These skins are procured in one piece, rough cut to
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shape, resulting in substantial material cost savings over the purchase of

rectangular plate stock.

The substructure is made entirely of titanium to eliminate the presence
of any bond preloading caused by bonding the materials at differing rates

of thermal expansion.

To reduce the problems of bonding the entire wing structure at one time,
the wing tip structure (bounded by the Wing Sta. 123.0 pylon rib, the 15%
spar, the 66.6% spar, and the Wing Sta. 15l.1 tip rib) is a separate bonded
assembly. The pylon rib is used to splice the upper and lower wing skins
at its outboard moldline flanges. This approach splices the panels in a
low-load area, utilizing existing rib attach fasteners and rib material to
effect the splice. Splice weight and cost increases are minimized. The outer
wing panels can now be fabricated from standard sheet gages rather than the
thick premium stock required for the main wing skin panels, which will sig-
nificantly reduce the material to be removed from these panels during machin-
ing. This approach to the wing outermost section will be used in all sub-

sequent design studies which use both upper and lower titanium wing skins.

The primary wing interior structure comprises three main spars (the
15%, 44%, and 66.6% spars) and five ribs at Wing Sta. 38.93 cant., 73.3,
93.5, 123.0, and 151.1.

These structural members will all be designed to slow crack growth

criteria.

The complexity and increased load levels in the peripheral spars pre—
clude the use of formed sheet metal for their construction. As the spars
possess natural draft and are long, rather flexible parts, they are ideally
suited to precision forging. Lack of inherent stiffness in a part poses
many difficulties for casting and weld assembly techniques. Because of greater
tolerances, additional machining, and supplementary straightening operations,
manufacturing costs of cast or welded spars are increased to the point where
they can no longer compete with precision forgings, even though forging non-
recurring costs are much greater. The wing attach rib and landing gear rib,

by the same reasoning, will also be precision forged in titanium.

The most complex ribs are the pylon ribs at Wing Sta. 93.5 and 123.0.

Machining titanium parts out of billet stock is rarely shown to be cost
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effective. Only if the parts are very simple and machining is limited, or
the parts are of such size or shape that existing methods of preforming
(i.e., forging, casting or extruding) cannot be used, can complete machining
from billet stock be considered. As these ribs are highly complex con-
figurations, the forging process does not result in sufficiently finished
parts to justify the high nonrecurring costs attendant with that proces§.
Casting is the most economical approach to their fabrication. Titanium cast-
ings also do not exhibit the large reductions in mechanical properties, as
compared to wrought material, that is experienced with aluminum castings.
Precision investment castings are called for in all cases. The casting

of these ribs in sand was investigated but the minimum allowable wall thick-
ness of 0.250 inch required by this process results in parts that require
100% machining and the additional cost of this machining more than offsets
the reduced casting piece price of the sand castings. As investment castings,
the material that must be subsequently removed from the ribs by machining is
reduced by 80 percent (compared to forging), as only the moldline and inter-
ior faying surfaces need be machined. In all cases, only 0.060 inch of ma-
terial need be removed. The pylon ribs are within the size capability of
existing equipment,

The Wing Sta. 93.5 pylon rib casting could possibly be extended to in-
clude the two parallel aileron actuator support ribs immediately to its rear.
These aileron actuator ribs are shown as separate parts. Combining these
three parts so increases the size and complexity of the rib casting that
its cost exceeds the combined piece price of the smaller cast pylon rib and

the two aileron ribs.

The Wing Sta. 151 tip rib is also investment cast in titanium. To make
this rib as a precision forging would require a four-piece segmented die in a
double-action press. The attendant high nonrecurring cost of this approach
cannot be offset by the decreased weight and improved strength inherent in

the forging process,

The speed brake attach fittings being deep hollow boxes like the pylon
ribs and part of the bonded wing assembly are titanium investment castings.
The inboard aileron hinge fitting is a titanium investment casting which is
lighter than the 17-4PH steel investment casting it replaces.
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In the leading edge area of the wing box several ribs and a spar at
approximately 21% are shown. The outboard rib supports the inboard lead-
ing edge flap hinge. The central rib mounts the leading edge flap actuator
and the inboard rib distributes the point load induced by the wing leading edge
extension structure. These details are titanium precision forgings requiring
no finish machining. The 21% spar is of formed titanium sheet and functions
as both a honeycomb close out member and the aft attachment for the aforemen-
tioned ribs. This leading edge area is not filled with honeycomb'core. The
high density of systems routing here precludes the installation of sufficient

core material to be weight effective.

The seven bays inboard of Wing Sta. 123.0 and aft of the 44% spar con-
tain the aileron actuation mechanism and the main landing gear strut, which
precludes the application of full-depth honeycomb core construction. It
therefore is necessary to select an alternative method of stiffening the
upper and lower covers in those areas. Two methods of accomplishing this
necessary stiffening were investigated., The first approach considered was
to machine a waffle pattern of integral stiffeners in the wing skins. Un-
fortunately when this is done with a titanium skin the stiffener size neces-
sary to produce adequate panel support either is too wide, resulting in ex-
cessive panel weight, or too high which increases the stock panel thickness
thereby increasing the wing skin material cost to the point where this

approach is no longer cost effective.

The second approach was to employ adhesively bonded aluminum honeycomb
panels with titanium inner pans to the fixed upper wing skin panels in a man-
ner similar to the wing skin stiffening employed in Concepts No. 4 and No. 5.
The wing bond assembly sequence calls for the upper wing skin to be bonded to
the substructure in one bonding operation followed by the fitting of the core
to the lower skin and then bonding the lower skin to the wing assembly in a
second bonding operation. This sequence of operations allows the honeycomb
panel stiffening to be assembled and bonded to the upper skin during the first
bonding cycle,

The upper wing skin area inboard of the gear rib and aft of the 44% spar
is composed of a honeycomb sandwich panel with equal thickness graphite/epoxy
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face sheets similar in arrangements to the baseline aluminum honeycomb struc-
ture. The aileron actuator bay access doors on the lower wing surface out-
board of Wing Sta. 85.2 cant. is of similar construction. The application

of non-metallic composites in these specific panels results in a 12.6 pound
per shipset weight savings. As all of these panels are separate from their
respective wing skins and are replacable in service it is felt their utili-
zation would not adversely affect the reliability or repairability of any of
the concepts under study in this program. These graphite/epoxy panels there-
fore are used in this design and all the other subsequent designs described

in this report.

The three aileron hinge support ribs are titanium precision forgings.
The two stub spars in this area may be made from aluminum precision forgings
as they are installed after the bonding of the wing is complete. These spars
are also located in a shear lag area where the strain incompatibility of

aluminum spars and titanium skins poses no problems or weight penalties.

The wing skins are both bonded and mechanically fastened to the ribs
and spars in the full-depth honeycomb areas. This is done as an economy
measure to avoid the expense of masking the details to be bonded and to
eliminate the possibility of disbonds being initiated at the edge of the
glue line. While the bonding of riveted joints improves the fatigue and
damage tolerant behavior of the wing structure, lack of reliable quanti-
tative data on this type of joint precluded its utilization in both the

safe 1ife and damage tolerant life analyses.

The results of this second iteration produced an interesting variation
to the "Quick Look" results. This design has increased in weight and de-
creased in cost over the previous study results. The weight increase results
largely from the additional adhesives potting and ancillary core closeout mem-
bers required when various internal conduits, control cables and other air-

craft systems are installed in the wing.

The reduced cost is achieved by reduced material cost of the wing skins
as these are to be purchased in the form of rough sawn plate thereby decreas-
ing the amount of raw stock purchased by some 40%. All titanium plate raw

stock for all subsequent wing concepts shall be purchased in this manner.
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ce Concept No, 1A - Full-Depth Honeycomb Wing - Aluminum Skins

and Substructure

This concept is the same as Concept No. 1 except that aluminum has been
substituted for titanium in all detail parts with the exception of the gear
rib and tip rib. These ribs are made from steel forgings on the baseline wing
and will be made from a titanium precision forging and titanium casting,
respectively, in this design. The pylon ribs will be hogged out from 7175-
T736 aluminum hand forged billet as in the baseline aircraft as sufficient
detail cannot be obtained from the forging process to justify the die costs
involved. The speed brake attach fittings are of similar manufacture for

the same reason. All other aluminum substructure is precision forged.

The investigation of this variation of Concept No. 1 was undertaken in
an attempt to marry the significant weight savings of the full depth honey-
comb configuration with the low cost of aluminum construction. While a 34
percent reduction in cost was realized, a 6 percent weight increase over
Concept No. 1 was incurred. This weight increase was mainly a result of
the lower specific design allowables of the aluminum skins. A small addi-
tional weight penalty was incurred through the use of longer titanium

fasteners through the necessarily thicker aluminum skins.

d. Concept No. 2 - Warren Truss Spar Wing (Figures 11 through 14)

The following is a description of a titanium wing design with the in-
terior spars arranged to form a Warren truss. The principal objectives being
sought are increased torsional rigidity, partial elimination of wing ribs and

the attainment of multiple load path spars.

The interior structure is a series of one-piece formed sheet titanium
spars with sine wave beaded webs with nesting semi-circular, cross-sectioned
caps, supported in cradle filler blocks at the wing skin attach fasteners.
It is readily apparent from the drawings that this method of attaching the
truss web junctures to the wing skin precludes loading the truss webs eccen-
trically. Shims installed between the wing skin and its mating "cradle"
block take care of vertical tolerance accumulation. The spar webs are

symmetrically beaded for stiffness,

As this design progressed a major handicap to its successful employ-

ment in this program became apparent. The baseline wing envelope with its
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FIGURE 12, CONCEPT NO, 2 WARREN TRUSS SPAR WING (Continued)
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sweep and taper, both starting at the root rib, and the wing pylon attach
bolt patterns, mitigate against the successful application of this struc-
tural arrangement. The Warren Truss substructure is a relatively inflexi-
ble structural arrangement. While it may be viable in a new design, it has
inherent geometric constraints which preclude its efficiently replacing a
prior structural arrangement where no envelope or interface revisions are
permissible. This constraint of required baseline geometry prevented the
elimination of the root rib. Some portions of the inboard pylon rib were
successfully eliminated. Lack of sufficient wing depth prohibited the con-
tinuation of this structural arrangement beyond the outboard pylon rib. The
wing tip from the outboard pylon rib outboard and the substructure aft of
the 44% spar remains the same as for the full depth honeycomb wing design

described previously.

The full main landing gear trunnion rib is retained. The chordwise
bending moments, in this area,are of such magnitude that even minor reduc-

tions in chordwise bending material cannot be tolerated.

The nesting feature of the interior spars and the joining of the for-
ward and aft interior spars did indeed give multiple load path spar caps,
but the amount the design allowable stress increase realized when damage tol-
erance is no longer a factor (i.e., the wing design is now either safe life
or static strength critical) was minimal. An in-depth discussion of this
subject is contained in Subsection III-2d. of this report with the respective
design allowables summarized in Tables VII and VIII of that section,

A comparative finite element program was also undertaken to determine
the torsional rigidity of this concept as opposed to the more conventional
multisparred designs in this study., The results of this study indicate no
apparent increase in torsional rigidity for the Warren Truss Spar configu-
ration. (See subsection III.2.d for a description of this program). Having
thus failed to achieve to any significant degree any of the design objectives
originally ascribed to it, the Warren Truss Spar concept was abandoned as a

viable design approach for this program.
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e. Concept No. 3 - Aluminum/Titanium 6-Spar Wing (Figure 15)

This concept was originally formulated to take advantage of the increased
specific fatigue strength and fracture toughness of titanium in the wing areas
where these design aspects are most critical. Additionally, this concept as
conceived was to represent the lowest cost and least risk utilization of

titanium in the concepts under study in this program.

This concept initially consisted of a titanium lower wing skin with
spanwise beaded panels bonded to its inner surface. It was thought that
this method of stiffening a titanium lower skin,though rather inflexible in
application,would be the most cost effective method of utilizing applied
stiffening to a titanium wing skin. Because of the limited applicability of
this type of stiffening its employment was limited to the lower skin of a six

spar wing.

The resulting wing is similar in planform to the baseline wing. As the
upper wing skin was not critical from a crack growth standpoint, and the wing
possesses the spar spacing necessary for adequate upper skin support a 7050-
T7651 aluminum alloy plate was used for the upper skin of this configuration.
The use of titanium in this design is confined to the area where fracture
toughness is of prime importance. It became evident during the second iter-
ation of the stress analysis that if the quantity of material used for the
beaded inner pans is added instead to the outer wing skin thickness, the com-
pressive stability of these thicker panels is greater than the beaded panels
originally considered. Therefore a plain machined Ti-6A1-4V BMA plate lower
skin replaced the beaded stiffened skin.

The interior spars are of formed Ti-6Al-4V BMA sheet and are employed
outboard to the outboard pylon rib. The interior wing spars outboard of the
outboard pylon rib are 7075-T73 formed sheet aluminum without web corrugations.
The wing is so thin at this point that corrugating the spar webs only saves
.6 pounds. This insignificant weight savings cannot justify the increase in

tooling costs necessary to produce the corrugations.

The bonded tip assembly was not considered for this design to remain
consistent with the least risk premise mentioned in the opening paragraph

of this concept description. The lower tip skin is of 7050-T7651 machine
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tapered aluminum plate spliced at the outboard pylon rib. The peripheral
spars (i.e., the 15% and 66%) are precision forged 7050-T736 aluminum in
the tip region only.

The peripheral spars inboard of the wing Sta. 123 are all Ti-6A1-4V
BMA precision forgings. The landing gear rib is precision forged Ti-6-22-22
STA.

The inboard pylon ribs are made from 7175-T736 hand forged billet as in
the baseline. The strain compatibility of aluminum with titanium is not
a pacing criteria for chordwise structure so the use of an aluminum rib
with a titanium lower skin imposes no weight penalty on that account. The
resulting rib shows a one pound weight penalty over a cast titanium rib
similar to the one used in configuration No. 1. With only a one pound
weight differential between the cast titanium rib and the machined aluminum

rib the latter proves to be the most cost effective design.

It may be argued that the wing attach rib should also be of aluminum
for the same reasons. While the cost effectiveness of such a design approach
is without question, this rib is one of the most critical of wing structural
elements and lower mould line fastener hole quality is of paramount impor-
tance. It is felt that the deleterious effect of pulling of chips from the
titanium spars through the aluminum rib flanges would tend to produce flawed
holes in the rib flanges. A precision forged Ti6-22-22 STA rib precludes
this problem and is therefore the most prudent design approach for this highly
fatigue critical area. The remainder of the stub ribs and speed brake attach
fittings being freed from the thermal expansion constraints of a bonding cycle

may be made from precision forged 7050-T736 aluminum alloy.

A 5 percent weight saving was realized with this design, but at a 37 per-
cent cost increase. This cost increase is directly attributable to the high
material cost of the titanium lower skin, the high spar piece count, the in-
creased rib complexity necessary to splice these spars, and the increased cost

to assemble this large number of titanium spars.
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f. Concept No. 3A - Welded Titanium 6-Spar Wing (Figure 16)

This design attempts to exploit to advantage the weldability of titanium
alloys in the one design concept where titanium is used extensively without
adhesive bonding. The principal advantages sought are improved fatigue and
crack growth allowables through the elimination of all fasteners through the
lower skin in the critical areas, and increasing the efficiency of the lower
wing bending material by placing it as close to the lower wing outer mold

line as possible.

This concept is basically Concept No. 3, except the substructure is T.I.G.
weld assembled and then the lower wing skin is electron beam welded to this

substructure. When the X-ray inspection, stress relieving and straightening

have been completed, the upper 7050-T7651 aluminum skin is attached to

the welded structure with blind fasteners. The lower skin is welded to the
substructure from root to tip. While there is no design allowable advantage
gained in welding the tip structure it is felt that a transition from welded
to mechanically fastened structure will most certainly cause local stress con-
centrations at the termination of the welds if a one piece lower skin is
maintained to the wing tip. The only other alternative is to splice the tip
skin at the pylon rib. Since the additional welding required for the tip
section does not represent a significant increase in weld time or difficulty,
eliminates a splice, and will not adversely affect the structural integrity
of the structure,the wing tip structure will be welded in the same manner as

the inboard portions of the wing.

Assembly of the substructure and lower wing skin by welding considerably
alters the substructure cost. This alteration manifests itself principally
in the decreased complexity of the Ti-forgings and castings that constitute
the bulk of the substructure. These details which were formerly channels or
"I" beams with both inner mold lines contained on the part are now "Tees'" or
angle cross-sectioned parts containing only the upper inner mold line of the
wing. This eliminates the major close tolerance dimension on these parts
reducing the risk factor in procuring these parts as well as lowering their
cost and reducing the amount of subsequent machining required (die lock is

eliminated). However, there may no longer be any aluminum substructure
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details as all these interior members are welded to the lower skin. The cost
increases incurred in converting aluminum parts to titanium counteract the
dollars saved through simplification of the relatively uncomplicated spar
details and the total spar cost shows a slight rise. The converse is true when
the highly complex ribs are examined. Here the simplification of the details

is of a higher order and the net result is a reduction in rib detail costs.

The increased assembly costs incurred in the welding process further
negate these savings resulting in a slight cost increase over Concept No. 3.
The increased efficiency of the wing's lower bending material is evident

as the weight of this concept is 12 pounds less than that of Concept No. 3.

g8e Concept No. 4 - Honeycomb Panel Stiffened 5-Spar Wing (Figure 17)

This skin design is one of several approaches to the wing skin stiffen-
ing vs. interior spars trade-off studies being conducted in this program
wherein the cost and/or weight of applied wing skin stiffening is traded
off against the savings available from reduced substructure piece count and

complexity made possible by the increased wing skin stiffness.

The wing skins of this design are constructed of taper machined and
pocketed titanium outer wing skins adﬁesively bonded to thin sheet titanium
inner pans filled with aluminum honeycomb core. All the skin bays will have
honeycomb panel stiffening.

The inner pans will be formed in one piece from 15% spar to 44% spar
in the chordwise direction. To reduce the pan size they will be butt

spliced at each rib station using the existing rib flanges for splice
material.

The substructure differs from Concept No. 3 in that one whole span-
wise 'spar location is deleted. The remaining interior spars are then re-
located being equally spaced front to rear between the 15% and 44% spars.
This spar reduction reduces wing rib complexity by eliminating one set of
spar web attach flanges. 1It also slightly reduces the assembly cost as
fastener count is reduced. There is one side effect to this approach,
however, which should be noted. The stub ribs, speed brake attach fittings

now increase somewhat in length adding to their cost.
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The alloys from which the wing components are made are unchanged
from their counterparts in Concept No. 3. The one obvious exception
is the upper wing skin., In an attempt to keep the upper bending
material as close to the wing outer mold line as possible, thereby maxi-
mizing its efficiency, the thicker aluminum skin has been discarded in
favor of the titanium wing skin shown. The tip assembly being only 1.1
inches high at wing station 151.1, the inner pans of the honeycomb stiff—
ening panels intrude upon the available interior space so as to prevent the
electrical and fuel line routing to the tip store. It is then of necessity
that the tip assembly from the wing station 123 pylon rib outboard be
the full depth bonded honeycomb assembly described in Concept No. 1.

This again requires the outboard pylon rib to be a Ti-6A1-4V annealed
casting to remain thermally compatible with the tip assembly.

It is readily deduced from the weight and cost summary tables that
though the weight decrease from that of Concept 3 is significant, the wing

skin cost increases are of such magnitude that this weight saving 1is not

cost effective,

he Concept No. 5 - Honeycomb Panel Stiffened 4-Spar Wing (Figure 18)

The general trend of reduced weight with reduced substructure evident
in Concept No. 4 was pursued further to ascertain whether this downward weight
trend would continue and if further reductions in substructure count and wing

skin assembly complexity could reduce the total wing cost to produce as cost/

weight effective a design as Concept No. 1 or No. 3.

A three spar design was first considered. As spars are eliminated the
stub rib lengths and panel widths increase in a harmonic progression. From
a six-to five-spar wing this amounts to a 25% length increase. From a five-
spar wing to a four-spar wing the increase is 33% and from a four-spar wing
to a three-spar wing the length increase is 50%. 1In a three-spar wing this
increases the combined length of the stub ribs to where they have a total

length equal to a spar running from landing gear rib to landing gear rib.

The effect of the increased spar spacing is most seriously felt in that
portion of the 15% spar immediately outboard of the wing attach rib where the
increased length of the integral rib represents too deep a draw to forge in a

direction parallel to the wing reference plane. This spar's forging direction
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must now be normal to the wing reference plane and the resulting part is
little more than a conventional forging requiring much more machining to pro-

duce a finished part.

In order to supply adequate edge support for the now wider panels, the
remaining interior spars must exceed 0,125 inch thick, the upper limit for
forming these spars in titanium sheet. Additionally, the 44% spar segment
in the wing carrythrough structure would also exceed this limit and become a

precision forging.

The substitution of titanium precision forged spars definitely reverses
the downward trend of spar costs. The increased rib length likewise reverses
a similar trend in rib cost plus halting the downward course of the assembly
costs. The only area where this cost reversal does not occur is in the wing
skin cost. The reduced number of panels on these skins in a three-spar design
does reduce the complexity and thus their expense. This reduction cannot,
however, offset the increased spar and rib costs. For these reasons a three-

spar wing study was not continued into the layout stage.

When a four-spar wing is contemplated, however, the interior spars are
still within the forming limits of titanium sheet. The quantity of spar-skin
attachments is reduced as the loss of one complete spar vis-a-vis a 33% length
increase in rib-skin attachments results in a net loss. Wing skin complexity
and cost is also reduced. The deletion of the spar attach web in the ribs
reduces their complexity and required machining to such an extent that a rib

cost reduction is still realized, rib length increases notwithstanding.

The four-spar wing shown in Figure 18 is identical to the Concept No. 4
wing except the spar count is reduced and the honeycomb core height is some-
what thicker in the regions inboard of the landing gear rib. This concept
representing as it does, the practical minimum of spared substructure still
does not approach the efficiency of the full-depth honeycomb design previously
described.
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i. Concept No. 6/7 - Ti-Borsic/Geodesic 4-Spar Wing (Figures 19 through 21)

(1) Ti-Borsic Upper Skin (Figures 20 and 21)

This concept study was undertaken in an attempt to utilize the higher
specific stiffness of composite materials within the basic design
limitation of a metallic wing structure. Little was known of the mechanical
properties of Ti-Borsic composite material when this investigation was
initiated. Even less was known about the fatigue and crack growth
behavior of this material. For a fuller discussion of the method used to

arrive at a working set of material allowables, see subsection III.2.e.

The basic raw material (i.e., Ti-Borsic) consists of a flat tape,
up to 12 inches wide, composed of a unidirectional layer of silicon
carbide coated boron fibers pressure diffusion bonded between two sheets
of Ti-6A1-4V foil forming a sandwich some 6 mils thick. This "mono-tape"
is subsequently laid up to the desired thiékness with the appropriate fiber

orientation and diffusion bonded into a single panel.

Since improved stiffness was a proven attribute of this composite
material and no fatigue and crack growth data was or became available,
this material's use was confined to the upper wing skin. Again, because
of the unknown fatigue and crack growth behavior and the known difficulty of
drilling through the Borsic filaments, it was decided to limit the composite
material application to the center of the skin panel bays between the
spars and ribs. The area directly above the substructure flanges was com-

posed of matrix material only through which the wing skin attach fasteners
are installed.

The wing is composed of 38 discrete panels. Each of these panels is
constructed from a Ti-6Al-4V inner and outer cover panel, in between which
many mono-tape laminations are placed. This stack of tapes is feathered
at its edges to avoid the delamination which might occur if the stack
were blunt edged and better effect the transition from composite to 1007
matrix at the tape stack edges. This tape stack is also surrounded by
a "picture frame" of matrix material, in this case Ti-6Al1-4V, which fills

the void between the titanium panel covers and the composite interiors.
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This assembly is then pressure diffusion bonded together. These panel
assemblies will then be machine tapered, the inner panel cover being thick
enough to allow machining, have their edges trimmed to size and electron

beam welded into a complete wing skin.

The four-spar substructure was selected for this skin as it was felt
that the skin's high cost would make a six-spar wing design too costly.
It was also felt that the great stiffness possessed by this material
would provide sufficiently stable wing skin panels at this reduced spar

spacing. This substructure is shown in Figure 19.

Unfortunately, with the fiber orientation required to provide
adequate shear stiffness and bending stiffness (i.e., 507% 0° - 50% + 45°)
so lowers the allowable operating stress of the completed wing skin that
a weight penalty was incurred. It is possible to negate this penalty by
adding spars, but as an estimated cost of this skin panel exceeded the cost
of the least expensive of the proposed wing concepts, further study of this

skin concept was halted.

It may be of interest to note that at the beginning of the program,
both Ti-Borsic and Aluminum-Borsic composites were considered. While
the data available on this latter composite was more extensive, crack
growth and fatigue behavior of the material was still insufficient.
This lack of data required the same interrupted panel configuration to be
employed as in the Ti-Borsic design. The Aluminum-Borsic matrix of 6061
aluminum alloy, however, has such low mechanical properties that the
quantity of matrix material required to resist the high chordwise bending
moments at the landing gear rib was prohibitive and it was no longer

considered a viable material candidate.

(2) Geodesic Lower Skin (Figure 22)

Faced with severe compressive stability problems when employing high
strength materials for wing skin, a completely different approach to wing
skin design was explored. An open geodesic truss work was used in place
of the plain machine tapered skins heretofore considered. The configuration
shown was achieved by removing approximately 50% of the chordwise area of
a plain skin, via the triangular cutouts shown, and this area then was

added to the remaining truss members proportionally to maintain the same
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wing bending material distribution. The resulting truss skin was roughly
twice the thickness at any given point, and the same weight of the plain
skin it replaced. This truss was then covered by a minimum gage cover skin
adhesively bonded in place, its thickness being sufficient only to preclude
buckling of the unsupported triangular panels at limit load.

The advantages foreseen for this method of construction were twofold.
First, increased wing stiffness, by virtue of its increased thickness,
allows the use of fewer interior spars. Its second advantage is that it
provides both the practical maximum number of discrete and independent
failsafe members possible, with no increase in flaw initiation sites
(i.e., fastener holes), and crack arrest capability with respect to the cover
skins. It was assumed that since a single failed member represents so
small a portion of the gross wing skin area, and even when failed it was
completely framed by the remaining truss members, the resulting stress

increases, both locally and overall, would be minimized.

At this point, a finite element analysis program was initiated to
determine the specific behavior of this skin concept. The detailed account
of this program is found in subsection III1.2.f of this report .

The program results were somewhat mixed. The presumed fail-safe
behavior of this concept was indeed a fact. Additionally, the load
redistribution area was not localized around the failed member but diffuse in
nature and the stress increases resulting from member failure are held to

reasonable levels.

Unfortunately, the underlying cause for this favorable load
redistribution is this concept's innate lack of extensional stiffness.
To overcome this, the cover skins were increased in thickness and now
represent 20% of the wing skin cross sectional area. This reduces the
geodesic core height, and when skin weight is held constant, compressive
stability problems are encountered. When additional material is added
to regain this stiffness, a weight penalty is incurred. As with the
previously discussed Ti-Borsic skin, the marrying of this wing skin to a
six spar wing would reduce this weight penalty, but increase the total

wing structure cost.
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Figure 22 depicts the results of applying a geodesic pattern
to a tapering wing planform with a four spar substructure. It will be
noted that there are two distinct tapering triangular hole patterns
employed. It is impossible to stay with one tapering pattern for the
entire semi-span as the hole size in the outboard regions is reduced to
below practicable manufacturing limits and the greater percentage of
remaining material composed of fillets does not allow the removal of 507%
of the chordwise area. The second hole pattern is started just outboard
of the ggar rib to minimize any weight penalties incurred from the

misalignment of the spanwise elements of the skin.

The wing structure aft of the 447 spar with the exception of the
wing skins outboard of Wing Station 73.3 is similar to the baseline wing.

The skin is constructed of 0,040 inch Ti-6A1-4V BMA sheet laminations
NOR-Ti-Bonded together with adhesively bonded cover skins of the same material.
The geodesic pattern ceases outboard of the inboard pylon rib. Both the
diffusion bonding and brazing of the cover skins to the geodesic core was
contemplated, but as no conclusive data exists on the crack arrest or
retardation behavior of these joints, the adhesive bonding method was
selected as the most reliable method of obtaining definite crack arrest
behavior in the cover skins. Consistent with the above position, the
laminated geodesic core was considered as monolithic plate in the crack

growth analysis.

This wing skin, in preliminary cost analysis, cost in the neighborhood
of $30,000. This and its previously mentioned weight penalty and lack of
extensional stiffness seriously prejudice this design. Conversely,
because of its exemplary fail safe behavior, it was agreed upon that this
design would not be abandoned without assessing its effect when included

in a complete wing concept.

The first problem encountered when including this skin in a complete
wing structure was its adverse effect on wing flutter and aileron reversal.
To counteract this, the Ti-Borsic upper skin, with its great inherent
stiffness, was included in this proposed wing system giving rise to the
concept No. 6/7 appellation.
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The wing so configured (i.e., Ti-Borsic upper skin, geodesic

lower skin, and 4-spar wing substructure as in concept No. 5) is a
functionally viable fail safe wing design. While not economically feas-

ible and possessing large risk because of its Ti-Borsic upper skin,

it is felt that on a thicker wing that is not as stiffness critical or

when metal matrix composite technology advances sufficiently to provide

the data now lacking, this geodesic wing skin may prove worthy of

serious consideration. 1In fact, it is possible, given the data now

lacking on Ti-Borsic fatigue and crack growth behavior, that Ti-Borsic
cover skins could well overcome the lack of extensional stiffness of the
geodesic configuration and these skins could be used on both the upper

and lower wing surfaces. Advancement in lamination techniques, such as roll

bonding could also reduce the cost of the geodesic core to a more realistic

figure and result in a cost and weight effective fail-safe wing design. More

developmental work needs to be done on this type of structure.

jo Concept No., 8 - Aluminum Precision Forged Substructure 6-Spar Wing

(Figure 23)

This design is a further refinement of the lowest cost '"Quick Look"

design. It is similar in planform to the baseline aircraft. It differs in
several major aspects, however. The first is the substitution of more ad-
vanced aluminum alloys in the various structural elements of the wing. Titan-
ium has been used in place of steel for the landing gear rib and the tip rib.
The latter is a Ti-6A1-4V annealed casting; the former being a Ti-6-22-22 STA
forging. The second principal difference of this design is the precision
forging of all the aluminum substructural elements. As can be seen in the
Cost Summary Table (Table XX in Subsection 9) the substructure costs are
about halved as a result of this low buy-fly ratio approach. Finally, corru-
gating the spar webs, the source of a 17-pound weight saving at a minimal
increase in die cost, complete the specific variances from the baseline air-

craft.

This design again proves to be the most economical of the concepts under
investigation, realizing a 25 percent cost reduction. It also achieves an
11 percent weight saving. This concept also poses the least risk of all and

is the most amenable to incorporation of its precepts into production design.
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k. Concept 8A - Integral Web 6 Spar Aluminum Wing

This design bears roughly the same relationship to Concept No. 8 as
Concept No. 3A does to No. 3, with the exception of a mechanically fastened
lower skin in lieu of welding. This is due primarily to the mechanical prop-
erties of available weldable aluminum alloys being so low as to prohibit their
use in this design.

The spars are attached to the lower skin through lap splices to stub
webs machined integrally with .the lower skin. This necessitates a switch from
the 7475-T7651 alloy plate to X2048-T851 plate as the former is only avail-
able in thicknesses of less than cne inch. This results in a lower skin with

somewhat reduced mechanical properties.

The fit-up problems associated with lap splicing separate ribs and spars
with integral-to-the-skin stub webs was deemed excessive and so the ribs re-
mained as in the baseline. This requires a transition from an angle cross-
section of the spars to the original channel configuration just prior to the

rib spar juncture. Therefore, it becomes impossible to eliminate the lower
skin to rib attach fasteners.

The cost of this concept is higher than Concept No. 8 by virtue of

the tripled cost of the lower wing skin raw stock and increased assembly cost.
The reduced lower skin allowables and the inability to eliminate all the

lower mold line fasteners combine to produce a wing only 0.1 percent lighter
and 3 percent more expensive than Conicept No. 8 with no greater state-of-the
art advancement and no real increase in either safe life or damage tolerance.

For these reasons investigation of this concept was halted short of the com-
pleted layout stage.

£. Conclusions and Recommendations

It is not surprising that all the design concepts which consist mostly
of titanium are the most expensive. These concepts (i.e., 3, 1, 3A, 5, 4,
and 6/7 in ascending order of cost) all cost more than 130 dollars per pound.
The design concepts which are largely constructed from aluminum, on the other

hand, all cost less than 91 dollars per pound.
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While this divergence may be traced directly to the high material cost
of titanium, it is significant to note that the greatest cost differentials
from the baseline are produced by the titanium wing skins. These skins also
represent the one area where the material buy-fly ratio is essentially
unchanged from the baseline and is the underlying cause of these large
cost differentials. Both current and anticipated titanium technology offers
no relief in this area. If the skin raw stock could be roll tapered, for
example, the material purchased could be reduced by 5 percent and 22 percent
on the upper and lower skins respectively. From these figures it is obvious
that even rudimentary presizing of titanium mill products will result in
appreciable savings to the airframe manufacturer in both material cost and
machining time. It is felt that the acquisition of the technology necessary
to produce roll tapered titanium sheet and plate by the manufacturers of ti-
tanium mill products is of primary importance to the economic production of

titanium wing structures. More work needs to be done in this area.

Proof of the economies available, when finished titanium products can be
procured,is evident in the spar and rib columns of the cost summary Table
of Section III.9. All the titanium spars and ribs, where practicable, are
precision forged or investment cast parts that are approximately 80 percent
complete as received from the vendor and the cost differentials to the
equivalent baseline structure are relatively modest as compared to the wing
skin costs which show titanium skins to range from 2,5 to 5 times the price

of an equivalent aluminum skin,

In this program it was possible to show significant economies by sub-
stituting titanium castings and precision forgings for steel parts, It
was also true that the substitution of a cast or precision forged part for
a hogout of the same alloy was similarly beneficial. The titanium casting
and forging technology is in its infancy when compared to aluminum and steel,
for example, and it is felt that continued research and development effort in
these spheres of activity will produce greater economies than comparative

levels of effort in the more established technologies of steel and aluminum,

Inherent in all the designs under discussion is a substantially greater
initial investment in tooling. To fully realize the economies presented in
these design concepts, the quantity of units produced without revision to

the specific structural items responsible for this high initial tooling
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investment must .remain as close to the initial quantity assumptions as pos-
sible. This is a'much easier task in wing structure than in fuselage struc-
ture, but adequate growth assumptions must be made in the initial design stage
to assure, as much as possible, that the majority of initial production hard-
ware remaining unchanged for, in this specific instance, 300 units. It might
well prove more advantageous to treat these aircraft modifications in a manner
similar to the commercial aircraft industry's approach to so-called customer
variables. These are all designed as options to be added to a basic aircraft.
When handled in this manner, it is also possible, if desired, to retrofit
existing fleets.

The use of Ti-Borsic metal matrix composite materials appears to be some-
what premature at this time. Too little is known of the mechanical properties
of these materials, particularly in the fatigue and crack propagation areas so
that efficient utilization of this class of material is greatly hampered. Also,
enough is not known about the manufacturability aspects. While it is possible
to use metal matrix composites in cost effective design of unidirectionally
loaded simple parts, efficient design of parts subjected to a complex multi-
directional load spectrum is more difficult to accomplish with the same degree

of confidence given the paucity of existing data on the materials in question.

Conversely, the improvements in structural efficiency possible , when
fully able to employ the superior strength and stiffness of these generally
lower density materials, would truly advance the "state-of-the-art" with re-
spect to aircraft structures. It is recommended that more developmental work

be undertaken in this area.

It is not difficult to successfully employ an advanced high strength
material in an area of high load intensity. It is only when attempting to
achieve weight savings through the use of high strength materials in moderate
load intensity environments does the real problem surface, namely that the
specific stiffness of all isotropic metallic materials is relatively constant.
On the other hand, one of the composite materials!' principal advantage is
their higher specific stiffness.
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Early in the development of the titanium design concepts in this program,
stiffness problems were encounterede It was readily apparent that when
titanium was operated at its appropriate design allowable, local instability,
wing flutter, and aileron reversal were encountered in varying degrees of
severity. Additional material then had to be added back to the wing to re-
gain the needed stiffness, thus reducing the weight savings to be realized.

While it was not possible to fully exploit the increased specific
stiffness of the Ti-Borsic composite material for the reasons previously
stated, it remains one of the promising structural materials available
today. Only when metal matrix composite technology reaches a level of
development equal to that of current non-metallic composite technology will
the designer be able to take full advantage of its high specific stiffness.

In recognition of the metal matrix's ability to withstand higher temperatures
than the organic matrices currently in use, and its inherently greater ability
to withstand in service abuse, it may eventually have a wider range of applica-

tion than that of nonmetallic matrix composite material.
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2. _STRESS ANALYSIS

The stress analysis of the wing and carrythrough structure for each
preliminary design study was based on the same external loads, fatigue
spectrum, geometric constraints, and functional requirements as the base-
line F-5E wing plus the additional RFP-specified requirements. The F-5E
(1), with applicabil-
ity, revisions and additional requirements specified by the Air Force. The

design is based on the MIL-A-8860 series specifications

detailed structural design criteria used are the same as for the F-5E base-

line(z). These criteria plus the updated durability, damage tolerance, and

fracture mechanics requirements contained in the RFQ Statement of Work(3)
served as the program structural design criteria during the first five
months of the program. At that time the damage tolerance requirements were
completely revised and updated to include those contained in references (4)

and (5).

This sub-section presents summary discussions of the loads and stress
analyses performed during this program in each of the following major
subject headings:

a. External loads

b. Internal loads

C. Analysis of the eight selected overall structural concepts (1, 1A,

3, 3A, 4, 5, 8, 8A)

d. Analysis of the Warren truss spar concept (Concept 2)

e. Analysis of the Ti-Borsic upper skin concept

f. Analysis of the geodesic Ti lower skin concept

g Analysis of beaded stiffening for Ti panels

(1) MIL-A-8860(ASG) through 8870(ASG) dated 18 May 1960.

(2) Northrop Report NOR 69-35B Structural Design Criterig for the F-35E
Aircraft, April 1971,

(3) RFQ F33615-72-Q-1891 Attachment 1, "Service Life Requirements."
(4) Proposed MIL-STD-1530 (USAF), dated September 1972,
(5) "USAF Damage Tolerance Requirements,” dated 18 August 1972.

(see Volume II, Appendix II).
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The stiffness characteristics of the various designs and any additional
structural requirements imposed by flutter and aileron effectiveness con-
siderations are discussed in sub-section TII.3. The weights summary and

detailed weight breakdowns are presented in sub-section III.10.

a. External Loads

The advanced structural concepts were analyzed to the same external

(D)

loads as the baseline F-5E structure including an allowance for the
growth stores in the outboard wing area. This growth capability is pro-
vided by including the F-5A/B design loads(z) in the F-5E outer wing area.

The F-5A/B loads include the effects of growth stores listed in Table II.

The critical F-5E design wing load conditions are described in Table IV.
Subsonic maneuvering flight conditions predominate over supersonic conditions
due to higher bending moments. In supersonic flight, aeroelastic effects move
the wing airload center of pressure inboard, producing less wing bending mo-
ment than the subsonic conditions. The '"clean" wing maneuvers and landing
conditions produce the maximum loads inboard of the landing gear rib. The
mid semi-span area is designed by both clean and underwing store maneuvers and
by dynamic store ejections. The tip area is designed almost exclusively by

dynamic gust, landing and store ejection conditions.

The resulting spanwise shear,moment and torque envelopes are plotted in
Figure 24. Included are the 'growth loads" in the outboard wing area and also
increased wing torque between the root and the landing gear rib induced by
wing structural twist and gear deflections during landing conditions. The
moment versus torque envelope is shown for the most highly loaded root area

in Figure 25 (undeflected gear).

In using these loads for the design of new wing structures concepts,
it must be recognized that changes in wing mass and stiffness parameters
can affect both the steady state aeroelastic loads and the loads arising
from dynamic gust, landing, and store ejections. With respect to the aero-

elastic loads, flexural stiffness reductions will decrease the wing angle

(1) Northrop Report NOR 71-118, F-5E Structural Design Loads, Feb. 1972.
(2) Northrop Report NOR 62-89, F-5 Structural Design lLoads, Vol. I, Sept. 1965.
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of attack due to the swept configuration of the wing. This would cause a
generally inboard shift of the wing c.p. and also increase the aerodynamic
lift on the fuselage. The net tendency would be to decrease the wing shear,
moments and torques. It is somewhat conservative, therefore, to use the

present F-5E wing loads in the preliminary design of the advanced concepts.

It must be pointed out, however, that wing load changes may also affect
the horizontal tail loads. The inboard c.p. shifts and the transfer of
load to the fuselage (as described above) also has the net effect of shifting
the c.p. forward. This has the tendency to increase the checked-maneuver
loads on the tail.

With respect to the dynamic loads, no clear cut conclusions can be
made. Changes in wing stiffness characteristics can significantly affect
the magnitude of these loads and nothing short of a fuli dynamic loads anal-
ysis for each suspected critical store configuration can predict these
changes for any one wing design. However, certain situations do exist in
the overall dynamics loads picture, which indicate that the risk of exceed—
ing the present F-5E dynamic loads is less than might normally be expected.
First, a review of the measured ejection and landing loads obtained during
the F-5A/B flight test program showed comfortable margins relative to the
analytically predicted values. This is attributed to the fact that aero-
dynamic damping was conservatively omitted from the analytical ejection
and landing loads model and also due to the fact that store ejection forces
were less than expected. As a result there is some margin available in the
present loads envelopes to provide for some increases in actual dynamic

landing and ejection loads should they occur.

Insofar as gust loads are concerned, however, no comparative flight
test data exists. For the F-5E, gust loads are critical largely in the area
outboard of W.S. 123. However, it is in this area that the "growth" loads
(F-5A/B ejection conditions) exceed the E loads, so, again, some margin is
available even for gust load increases. As a result of these observations,
the present F-5E analytical loads plus the F-5A/B "growth" loads in the

outer wing area were used "as is" for the purposes of this advanced struc-—

tural design study.
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b. Internal Loads

The internal wing loads from the baseline F-5E project(l) served as the
basis for the internal loads on this program. These loads include the
spanwise and chordwise distributions of wing flexural loads and shear flows
for each structural element for each load condition listed in Table IVe
Also included are the chordwise distribution of wing rib shears and moments.
An overview summary of these basic design loads is presented in Figures 26, 27,
and 28. The first two illustrate the spanwise and chordwise variation of the
wing cover loading in the more highly loaded inboard areas of the upper and
lower surfaces, respectively. The third figure shows the maximum shear flows
in the spar structure of the baseline 6-spar configuration. Also shown are
the maximum wing-to-fuselage trunnion reactions and a tabular presentation of

the maximum shears and moments in each principal wing rib.

It should be noted that the maximum bending moment in the landing gear
rib is 917,000 in-1b., This is 76 percent of the maximum spanwise wing
bending moment at this station (see Figure 24). These two requirements
(i.e., a high spanwise load for maneuver conditions and a similarly high
chordwise load for the critical landing condition) consistently posed one
of the most severe design problems during this program. This situation is

unique to thin wings with wing-mounted landing gears such as the F-5E.

In addition, a NASTRAN finite element model of the F-5E wing was run
for the most critical root bending condition. The purpose of this NASTRAN
run was to compare the internal loads from a relatively coarse preliminary
design model (suitable in both this program and to the preliminary design
phase of the follow-on 1B program) with the F-5E production design stresses
for the same condition. The planform of this model is shown in Figure 29,
It consisted of 283 nodes, 442 plates, and 534 bars. A comparison of skin
stresses at the root is shown in Figure 30. Agreement with the F-3E
design loads is good--only relatively minor differences are apparent.

The model grid is, therefore, sufficiently fine for the advanced concepts

to be compared on an equitable basis with the production F-5E design.

(1) Northrop Report NOR 71-172, F-5E Wing Internal Loads, Vol. II, May 1972.
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Adjustments were made to the F-5E design loads as dictated by the
differing structural arrangements and details of each advanced concept.

Predominant among these were:
e Spanwise axial loads from wing bending were re-distributed among

wing skins, skin lands, and spar flanges as the relative proportion

of these areas varied from concept to concept.

e Shear loads in the interior spars were adjusted as the number and
stiffness of interior spars (or honeycomb core) varied from concept
to concept. Shear loads in the peripheral spars (i.e., the
boundary members of the main torque box) were found to be relatively

insensitive to interior spar variations.

Most of the above load adjustments were minor enough to be accomplished
manually by desk calculator. However, large computer data were generated as

required to support the assumptions and general methodology.

c. Analysis of the Eight Selected Overall Structural Concepts

The eight selected design concepts (1, 1A, 3, 3A, 4, 5, 8 and 8A)
were analyzed in sufficient detail to provide accurate component sizes for
weight estimation. Most of this analysis was concerned with the upper and
lower surfaces, the five major ribs, all spars, and the core used in both

the honeycomb panels and full depth core designs.

For convenience the mechanical properties of the specific materials
used in these concepts have been condensed from sub-sections III.4, III.S5,
and I11.6. The static properties are tabulated in Tables V and VI.

The tension allowables established by fatigue and slow crack growth, and a
static tension value reduced to reflect the effect of holes are shown'in
Tables VII and VIII. The lesser of these values was used in the analysis

of the tension critical structure.
Analytical methods, failure modes and major assumptions used in the
stress analyses of each concept are described in the following paragraphs.

(1) Upper and Lower Surfaces

For Concepts 4 and 5 the upper and lower surfaces are titanium pan type
honeycomb panels. This construction is illustrated in Figure 31. The gage

of the inner face sheet was held to a minimum consistent with face wrinkling
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TABLE V - MECHANICAL PROPERTIES USED IN DESIGN - TITANIUM ALLOYS

COMPONENT SKINS SPARS RIBS
UPPER LOWER
MATERIAL Ti-6-22 Ti-6-4 Ti-6-4 Ti-6-4 Ti-6-22 Ti-6-22 Ti-6-4
-22 STA B MA g MA B MA -22 STA -22 STA Annealed

FORM Plate Plate Die Frg Sheet Die Frg Die Frg Casting

THICKNESS 0.50 0.50 2.00 0,249 0.50 1.00 --
Ftu , ksi 161 128 135 134 161 149 130
Fty y ksi 148 116 120 126 148 139 120
Fcy , ksi 160 121 126 132 160 147 126
Fsu , ksi 100 75 79 79 100 88 76
E, 103 ksi 17,2 16.0 16,0 16.0 17.2 16.0 16.0
E.» 107 kst 18.1 16.4 16.4 16.4 18.1 173 l6.4
G, 10 ksi 6.6 6.2 6.2 6.2 6.6 6.2 6.2

Minimum Basis

TABLE VI — MECHANICAL PROPERTIES USED IN DESIGN -~ ALUMINUM ALLOYS

COMPONENT UPPER LOWER SKIN SPARS RIBS
SKIN
MATERIAL 7050- 7475- X2048 7050- 7075- 7050- 7175-
T7651 T7651 T851 1736 173 1736 736
FORM Plate Plate Plate Die Frg Sheet Die Frg Hd Frg
THICKNESS 1.00 1.00 3.00 3.00 0249 3,00 4,00
F,, » ksi 78 69 62 68 67 68 71
Fry » ksi 72 59 56 61 56 61 61
Foy » kst 74 58 56 63 55 63 61
F, » ksi 44 40 35 39 38 39 43
E 10> ksi 10.2 10.2 10.2 10.2 10.3 10,2 10,0
E, 103 ksi 10.6 10.6 11.3 10.6 10.6 10.6 10.4
G 107 ket 3.9 3.9 3.9 3.9 3.9 3.9 3.9

Minimum Basis
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and intra-cell dimpling, with most of the material concentrated in the outer
skin. With this configuration, there is much less reduction in centroidal
depth, inserts for fasteners are not required, and load transfer to the

inner face sheet is minimized.

OUTER SKIN
- A

~

HONEYCOMB CORE

4
S——.

[

NN

FOAM CORE SUPPORT.
INNER FACE SHEET

FIGURE 31, TYPICAL HONEYCOMB PANEL

Ti-6-22-22 STA titanium is used for both the inner face sheet and outer
skin for the wing upper surface and Ti-6A1-4V Bmill annealed for both faces of
the lower surface. These faces are adhesively bonded to a 5056-H39 aluminum
honeycomb core. The ribbon direction of the core is parallel to the long

side. Potting foam is provided along the panel edges to transfer load to the
inner skin, and to stabilize any crushed cells.

The upper and lower panels were analyzed for the following failure modes
in combined compression and shear: general instability, MIL—HDBK-23A(1);
face wrinkling and intra-cell dimpling, Bruhn(Z); and shear crimping, NASA
CR 1457(3). The specific method chosen for each failure mode considered is
based on previous comparisons with test data. These methods are considered
satisfactory for preliminary design. Howewer, in view of the large differ-
ence in thickness between the inner and outer face sheets and the relatively

small core thickness, panel tests are recommended in the follow—on program.

(1) Anon, Structural Sandwich Composites, MIL-HDBK-23A, Dept. of Defense,
Washington, D. C., 20005, 30 December 1968,

(2) E. F. Bruhn, Analysis and Design of Flight Vehicle Structures, Tri-
State Offset Co., Cincinnati, Ohio, 1965.

(3) R. T. Sullins, C. W. Smith, E. E. Spier, Manual for Structural Sta-
bility, Analysis of Sandwich Plates and Shells, CR 1457 NASA,
Washington, D. C., December, 1969.
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The maximum compression stress in the outer skin and inner face sheet
of the upper surface was limited to approximately 90% of the compressive
yield (140 KSI) to avoid excessive plasticity effects. For the lower
surface, only the outer skin was assumed effective in tension, due to the
eccentricity of the inner face sheet at the ribs. However, both the inner

face sheet and outer skin are effective in shear.

Concept 1 consists of a Ti-6-22-22 STA titanium upper skin and a Ti-6A1-4V
B mill anneaied lower skin adhesively bonded to a full depth 5056-H39 aluminum
core. No interior spars are used. The critical failure mode for the upper
surface and the extreme outboard region of the lower surface was face wrinkl-
ing in combined compression and shear. The maximum allowable compression
stresses are the same as for the honeycomb panels. The balance of the

lower surface was designed by tension.

Concept 1A is a full depth core design similar to Concept l. The up-
per skin is 7050-T7651 and the lower skin is 7475-T7651 aluminum alloy.
The critical failure modes are the same as for Concept 1. The maximum com-
pression stress in the upper skin was limited to approximately 90% of compres-

sive yield (67 KSI) to avoid excessive plasticity effects.

Concept 8 is a six spar configuration with machined aluminum skins.
The upper skin is 7050-T7651 and the lower is 7475-T7651. The upper skin
was designed by buckling in combined compression and shear, with compression
stresses limited to a maximum of 70 KSI for strain compatibility with the
7050-T736 forged spars. The lower skin was critical entirely in tension.

Concept 3 is a six spar configuration with a 7050-T7651 aluminum upper
skin and a Ti-6A1-4V 8 mill annealed lower skin. The upper skin is approxi-

mately the same as that of Concept 8. The lower skin was designed primarily by

buckling in combined compression and shear for the negative bending conditions.

Concept 3A is similar to Concept 3 except the spar and rib webs are elec-
tron beam welded to the lower skin, with the skin lands acting as the lower
flanges. Holes in the lower skin are eliminated. The lower skin is critical
in combined compression and shear for negative bending conditions. The

corresponding maximum ultimate tension stress is 97 KSI.

Concept 8A is also a six spar configuration. The upper skin is 7050-
T7651 and is identical with that of Concept 8. The lower skin is designed

104



by tension. It is machined from thick X2048-T851 aluminum plate with inte-
gral legs to which the spar webs are attached. This construction effectively
eliminates most of the holes in the lower surface and permits the use of higher

tension allowables in the inboard regions.

(2) Spars

Two basic spar web configurations were employed in the eight concepts
analyzed. Plain web die forgings of Ti-6Al1-4V B mill annealed titanium and
7050-T736 aluminum were used for the 15%, 44%, and 66% spars. Plain web
7050-T736 aluminum die forgings were also used for the interior spars of
Concept 8A. The balance of the interior spars utilized a corrugated web.
With the exception of 7050-T736 die forgings in Concept 8, these webs were
formed from Ti-6A1-4V B mill annealed sheet.

The corrugated webs are loaded in shear and transverse compression due
to crushing. Wing bending subjects the flanges oé these spars to axial
stress, but its effect on the spar webs is negligible due to their corru-
gated construction. These webs were analyzed for general instability in
combined shear and transverse compression as a long orthotropic plate with
simp:{)supported edges. The orthotropic plate equations of Timoshenko and

Gere were used for this analysis. Local instability of the corrugated

web was not critical.

The plain webs are loaded in shear, transverse compression, and in-
plane bending. These webs were analyzed for general instability under the
combined loading as long isotropic plates with simply supported edges. The
conventional isotropic plate buckling equations were used from the Northrop

(2)

Stress Manual.

Shear strain compatibility between the spar webs and the honeycomb
core is an additional consideration in the analysis of the full depth
core designs. Local increases in the spar web gages were required to

avoid induced shear failure of the core.

(1) s. P. Timoshenko and J. M. Gere, Theory of Elastic Stability, McGraw-
Hill Book Co., New York, 1961.

(2) Anon., Structural Design Manual, Northrop Corp., Aircraft Division.
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The spars must have sufficient stiffness to provide adequate support
to the skins. Accordingly, the corrugated web spars were analyzed as line

(1) modified to exclude the

springs using the methodology of NASA TR 1202
effect of bending stress in the webs. The details of this modification are
shown in Appendix I. A WANG 600 computer program was used to determine

the spar flange and web gages required. The plain web spar flange and web
gages were sized for skin stability to provide the same spring stiffness

as the equivalent spars in the F-5E.

The spar flanges were analyzed also for crippling. In some cases, this

consideration was critical.
(3) _Ribs

The root ribs are die forgings of Ti-6-22-22 STA titanium or 7050-T736
aluminum depending on the specific design concept. Similarly, the inboard
pylon ribs are either Ti-6Al1-4V annealed castings or machined from alumi-
num 7175-T736 hand forged billets. The landing gear ribs are Ti-6-22-22
STA die forgings, and the tip ribs are Ti-6Al1-4V annealed castings for all

concepts.

These ribs were analyzed for the F-5E rib shears and bending moments

(2)

shown in the baseline F-5E stress analysis with minor modifications

to reflect the different number of spars in the various design concepts.

The required web and flange gages were determined using the chordwise skin
lands as part of the flange material. The local effects of the numerous
holes in the rib webs were analyzed using the same methodology as in the F-5E
stress analysis. Where lugs and fittings are an integral part of these ribs,

a corresponding local analysis was made.

For the full depth core concepts an analysis was made of shear strain
compatibility between the rib webs and the honeycomb core similar to that
for the spar webs. Local increases in the rib webs were required in some

cases to avoid induced shear failure of the core.

(1) R. A. Anderson and J. W. Semonian, Charts Relating the Compressive
Buckling Stress of Longitudinally Supported Plates to the Effective
Deflectional and Rotational Stiffness of the Supports, NACA TR 1202, 1954.

(2) V. Betz, et al, F-5E Wing Stress Analysis, NOR 71-173, Northrop Corp.,
Aircraft Div., March, 1972.
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d. Analysis of the Warren Truss Spar Concept (Concept 2)

Analytical work on the truss spar arrangement (Concept 2) involved two

ma jor areas:

° A possible increased torsional rigidity inherent in a truss spar
design was investigated versus a conventional design with verti-

cally oriented spars.

e A preliminary analysis of the wing root area was made to determine
if the chordwise load carrying capability of this design could be

used to eliminate a significant portion of the root rib.

Two NASTRAN finite element models of titanium wing box structures were
run to determine the relative torsional rigidity of a truss spar vs. a con-
ventional vertical spar design. Figures 32 and 33 show the gridwork
of these two models. Both models were made representative of that portion
of the F-5E wing between the root rib and the landing gear rib, but simpli-
fied by eliminating taper and by providing as many common nodal points as
possible. Overall dimensions were 45 inch span, 30 inch chord, and 5 inch
thickness. Upper and lower skins were a .136 inches thick, forward and aft
spars were .128 and end ribs were .184. The six interior truss spars in
Figure 32 were .025 corrugated webs. The five interior vertical spars
in Figure 33 were .035 corrugated webs. = An additional run was made with
plain webs for the truss spar design. Torques were applied both as verti-
cal couples at the four corners and also as T/2A shear flows along the
outboard edge. Ribs at both ends were free to warp. There was no increased
torsional rigidity evident in the truss spar deéign. The torsional stiff-
nesses were virtually identical between the two designs and essentially
equal to that predicted by classical multi-cell two dimensional analyses.
The truss spar design, however, did exhibit variations in the shear flows
in the interior spars particularly near the end ribs. This indicates that
the "continuous rib" action is indeed present, but the relatively thin

gages of these spars apparently minimized this effect.

The second investigation of the truss spar design concentrated on the

chordwise structure between the forward and aft wing to fuselage attach
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FIGURE 32. TRUSS SPAR GRIDWORK WITH 6 DIAGONAL SPARS

FIGURE 33. CONVENTIONAL SPAR GRIDWORK WITH 5 INTERIOR SPARS
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trunnions. In a conventional design, this is the root rib area. The purpose
of this investigation was to determine if any weight savings could be achieved
by deleting the center portion of the root rib since the truss spar design is

capable of carrying chordwise shears as well as spanwise shears.

Primarily, the root area is loaded by a torque generated both by basic
wing torque and by the wing bending moments acting at the wing sweep point.
This torque is fed into the chordwise structure in a rather uniform manner
by shear flows in the upper and lower wing skins (i.e., by the basic bending
material) and reacted by the fuselage attachment trunnions. Wing shear is
also distributed rather uniformly into this structure because of the multi-
spar configuration. As a result, there are no concentrated loads applied to

this root area structure.

With a conventional root rib, the wing skin shear flows are reacted con-
tinuously by the root rib web which produces a minimum net bending moment in
the rib (i.e., the chordwise load build-up in the skins/rib cap is held to a

minimum) .

In the truss spar design the function of the root rib web is provided
instead by an effective spanwise width of the truss structure. This is a
discontinuous load path as compared to the conventional rib web. The result
is a "sawtooth'" distribution of chordwise axial loads from torque that are
built up in the wing skins between each spar vertex and reacted at each of

these points by the loads in the spars acting as truss diagonals for the

trunnion reactions. This effect has been studied for the specific situation
at the F-5E root area. The results show that the peak chordwise loads in the
wing skin reach 55,000 pounds (about three to four times higher than the com-
parable loads in the conventional root rib structure) and that the axial ten-
sion and compression loads in the truss spars themselves reach 60,000 pounds
(nil in conventional structure). Under these conditions the skins are criti-
cal as wide beam-columns which require additional chordwise stiffening, and
the truss spar structure also requires considerable beef-up. The net result
is heavier than a conventional rib. The conclusion is that the truss spar
design also requires a conventional root rib and that no weight savings can

be achieved by deleting a portion of the rib.
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e. Analysis of the Ti-Borsic Upper Skin Concept

Ti-Borsic is presently a high risk material--there is only a very limited
amount of materials test data available and virtually no fatigue or fracture
mechanics information. Ti-Borsic was explored in this program for upper
skin applications (primarily compression loading) because its very high
specific modulus could provide needed panel stability for 4 or 5 spar de-
signs. Also, its specific modulus might be utilized in providing addi-
tional wing bending or torsional stiffness in selected areas if required

for aeroelastic reasons (flutter or aileron effectiveness).

Preliminary estimates of the elastic and strength properties for uni-
directional Ti-Borsic (6A1-4V) composite at room temperature were based on
the very limited test data available in References (1), (2), (3), and (4).
These estimates as of 11/6/72 are given in Table IX.

For the (0, 90, +45) laminates, the values of elastic modulus were
generated with the use of SABUL computer program(s). These curves are

presented in Figure 34,

From the strength point of view, the laminate orientation and thickness
is governed by the magnitude of the longitudinal and shear loads. However,
in the 4-spar and 5-spar configurations, the panel buckling is also a cri-
tical factor. Therefore, selection of laminate orientation and thickness

was governed by both the strength and buckling considerations. A survey

(1) 1.7, Toth, W.D. Brentnall, and G.D. Menke, "A Survey of Aluminum Matrix
Composites,' presented at the Composites: State ¢f the Art Conference,
AIME Fall Meeting, 20 October 1971.

(2) W.D. Brentnall and I.J. Toth, High Temperature Titanium Composites,
IR-7351-(1), Metal and Ceramics Division, AFML, I July 1971 to 1 Jan.
1972.

(3) W.D. Brentnall and I.J. Toth, High Temperature Titanium Composites,
IR-7351-(2), Metals and Ceramics Division, AFML, 1 January 1972 to
1 July 1972,

(4) Telecon, R. Wells (Northrop) to I. J. Toth (TRW), 24 October '1972.

(5) Northrop Report NOR 71-134, Strength Allowable and Buckling Load
Analysis of Laminate mposi I

Stiffness, September 1971,
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TABLE IX

ESTIMATED ELASTIC AND STRENGTH PROPERTIES
OF UNIDIRECTIONAL TI-BORSIC

Fiber Diameter .0057 inches
Fiber Volume - 50%
Average Ply Thickness .0067 inches
Density _ * «125 lb/in3
T c
Eqy #nd By, 36 MSI
ET and EC 30 MS1I
22 22
G12 11 MSI
712 .28
F1/F) 205/75 KST
1
F12 28 KS
6{/65 6500/5700 4 in/in
Y15 6000 M in/in

of the F-5E design loads indicated that the (0, +45) family of laminates would
be most suitable. Figures 35 and 36 show the estimated allowable tension

and shear strength. These curves are based on 80% of the unidirectional
failure strength as a best estimate of a realistic design allowable for a

large laminated structure in a production situation.

The above properties and strengths were used to estimate the potential
for a Ti-Borsic skin in a 4=spar concept for the F-5E wing. For compara-
tive purposes, separate skin panel weight ratios (for idealized applications)
were determined to give equal stiffness, buckling load per inch, and static
strength relative to the baseline F-5E design. The ratios are summarized
in Table X. The results show that the plain Ti/Borsic panel is a poten-
tially advantageous upper skin concept, particularly when stiffness is a

significant factor or if a 5-spar design may be contemplated.
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TABLE X

SKIN WEIGHT RATIOS FOR A TI-BORSIC 4-SPAR UPPER
WING SKIN RELATIVE TO THE BASELINE F-5E 6-SPAR
ALUMINUM WING, FOR EQUAL STIFFNESS, BUCKLING
LOAD, AND STATIC STRENGTH

SKIN SKIN WEIGHT RATIOS FOR EQUAL

CONF IG. STIFFNESS BUCKLING STATIC
AXIAL | SHEAR [LOAD [ | STRENGTH

Plain .39 .39 1.20 .71

For buckling, the panel width ratio for a
4-spar relative to a 6-spar wing is 5/3.

To complete the study, a plain Ti-Borsic upper skin was sized for the
4-spar wing concept from the centerline to W.S. 123.5. For this study, the
compression loads under positive bending, tension loads under negative bend-
ing and shear loads were computed by taking into consideration the relative
stiffness of the Ti/Borsic skin and the Ti spar flanges. The optimum lami-
nate orientation, based on strength under compression and shear loads,
consists of approximately 50 percent O-degree plies and 50 percent +45-
degree plies. The skin thickness, however, was governed by buckling con-

siderations.

In addition, a separate study was undertaken wherein local Ti-Borsic
panels were sized on a strength basis as a substitute for selected titanium
upper panels on Concepts 1, 4 and 5 to provide additional wing stiffness
between W.S. 73 and 109.5. 1In these applications, the upper panels are
stabilized by honeycomb core (full depth or panel construction) such that
the strength of the basic laminate under combined loads established the mini-

mum thicknesses.
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f. Analysis of the Geodesic Titanium Lower Skin Concept

The geodesic wing skin design concept consists of a plate skin with a
longitudinal and diagonal structural grid and triangular cutouts as shown
in Figure 37. The covering skins may be either non-structural or may be
relatively thin sheets adhesively bonded to the interior geodesic construc-
tion. This concept aims at providing a highly redundant multiple load path
fail-safe structure in a '"one piece" design as opposed to the conventional

planked approach.

The sizing of the grid members of a geodesic structure is dictated
by the applied axial and shear loads and the angle of orientation of the
diagonal members. The optimum angle of orientation was found to be 45°
to the longitudinal direction for minimum weight of the skin. To show
this, a typical repeating section of the geodesic skin shown shaded in

Figure 37 was considered.

REPEATING
PATTERN

- — 45° DIAGONALS
50% AREA REMOVED

FIGURE 37,

GEODESIC SKIN WITH 45° DIAGONAL MEMBERS )
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The weight per unit area is approximately given by the equation,

W=pt [(bL/h) +(bTD) (1 - bL/h)/cosg] (1)
where W = weight of the geodesic skin per unit area.
P, t = material density and thickness of the skin, respectively.
h = distance between longitudinal members.
bL’ bD = width of longitudinal and diagonal members, respectively.
6 = angle of orientation of the diagonal members with respect to

the longitudinal members.

For concepts with non-structural covers, it can be assumed that all of
the longitudinal load is in the longitudinal members and all of the shear
load is in the diagonal members. This is a reasonable assumption based on the
results of the finite-element analysis described later in this section. The
optimum widths of the longitudinal and diagonal members are then given by

the relations

N Nx h
b, = (_x),g and by = (—1) . (2)
o, t %a/ t sing
where
Nx and N = applied longitudinal and shear loads, respectively

allowable tension strength

Substituting Equations (2) into Equation (1), gives

W o= pc—:) [1+2 (;’-;1 ) :i—n'blz-%’l] (3)

This equation shows that minimum weight under combined axial and shear loads

occurs at 0 = 45° and Equation (3) becomes
N N b
= = . J L
W p(aa)[1+z (Nx) (1- h)] | (4)
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In view of the above result, the remaining studies of the stiffness
properties and stress distributions in geodesic structures concentrated on

configurations with 45° diagonal members,

The influence of the relative sizes of the longitudinal :and diagonal
members on the member stresses in the geodesic skin design was analyzed and
the results are presented below. The ratio R of the geodesic skin area over
the gross surface area for a typical skin, shown in Figure 37 with 45°

diagonal members, is given by

TP ) T

L L

and

o

Y fn ) [-EE ) (g o

For the same weight of geodesic and plain skins, the ratio of skin thickness
is
t 1
(t ) - R (6)
o

It is again assumed that all of the longitudinal load is in the longitudinal
members and all of the shear load is in the diagonal members. Then, for the
same longitudinal and shear loads in geodesic and plain skins, the stress

ratios for the longitudinal and diagonal members become,

f_li _ R ﬂ = N2 x R 7
(cL - w2 (rxy ) (by/b) ~ (b /h) i

The values of R and the stress ratios are obtained from Equations (5a), (5b),
and (7) for specified values of (bL/h) and (bD/bL). The above equations are

the basis for the design curves shown in Figures 38 and 39, which show the
percentage of area removed and longitudinal stress ratios as functions of
(bL/h) and (bD/bL).
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FIGURE 38, PERCENT OF AREA REMOVED VERSUS (bL/h) FOR THE GEODESIC SKIN DESIGN
(Computed from Finite Element Model with bL/h = 0,25, bD/bL = 0.8)

2.6 4,
3
1_0
— 1.8 2
5 IbS . 5
- (2)
bL = .60
1.0 T
0 .2 .4 6 .8 1.0

(b, /h)

FIGURE 39. RATIO OF LONGITUDINAL MEMBER STRESS IN GEODESIC SKIN OVER STRESS IN

PLAIN SKIN OF SAME WEIGHT ( Computed from Finite Element Model with
bL/h = 0,25, bD/bL = 0.8)

To check these equations, the geodesic skin design shown in Figure 37
with 45° oriented diagonal members and (bL/h) = 0,25, (bD/bL) = 0,8 was con-
currently analyzed by the finite element method. To minimize computing time, the

analysis was restricted to the repeaéing stress and deformation pattern of the

geodesic area shown shaded in Figure 37. This repeating pattern with its

boundary constraints was based on the analytical methods described in Appen-

dix II. For this pattern, the finite element model shown in Figure 40 was

developed and analyzed using the SAAS-4 computer program.(l) This computer

(1) Northrop Report NOR 70-203, User's Manual for Northrop Version of
Finite Element Program '"SAAS-4" dated March, 1972,
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(11, ) o, = Ths = O

(1) Txy = 0, u = -%Cl

(2) o, = 0, uy=0

FIGURE 40, FINITE-ELEMENT MODEL OF THE REPEATING GEODESIC
PATTERN UNDER (1) AXIAL LOADS & (2) SHEAR LOADS
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program was used because of its mesh generation feature which reduces con-
siderably the required input data. The mesh and boundary conditions are
shown in Figure 40 for both the bi-axial normal load case and for the shear
load case. Stress distributions were obtained under applied boundary dis-
placements. These results were used to calculate the average elastic proper-
ties, member stresses and peak stresses per unit load using the methods pre-
sented in Appendix II. The analysis showed that, for this particular case,
94 percent of longitudinal load was in the longitudinal members, and 90 per-
cent of shear load was in the diagonal members. The actual computed values
from this finite-element analysis for the geometry (bL/h = 0,25 and (bD/bL)

= 0.8, are superimposed on Figures 38 and 39 for comparison. The computed

values show very good agreement with the design curves.

The results of this particular finite-element analysis are summarized
in Table XI. The stiffness properties and stresses for this design are
compared with a plain titanium skin and with the F-5E baseline aluminum skin
of equal weights. The last column shows that this design is considerably
less stiff and has high member stresses as compared to the plain aluminum
skin of same weight. Therefore, this particular geodesic Ti skin design is

not practical.

The curves of Figure 39 show that a considerable improvement is pos-
sible by increasing the (bL/h) ratio and by decreasing the (bD/bL) ratio
within the limits dictated by the F-5E wing skin loading. Also, struc-
tural cover skins bonded to the main geodesic construction would aid in
reducing stresses and increasing stiffnesses. Accordingly a revised design
with 20 percent of the total weight in the cover skins and with geodesic
parameters of (bL/h) = 0.5 and (bD/bL) = 0,7 was analyzed both in the basic
intact configuration and with failures presumed at various locations. These
latter evaluations were conducted to assess the load redistribution charac-

teristics of the basic design under representative fail-safe situations.

A course finite—element model of this redesigned geodesic Titanium
skin was formulated which included 165 node points and 160 elements as shown
in Figure 4l. It was analyzed with the use of the SAAS-4 finite-element
computer program. The results of the analysis indicated that the most
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TABLE XI.

COMPARISON OF EQUAL WEIGHT PLAIN ALUMINUM,
PLAIN TITANIUM AND GEODESIC TITANIUM SKINS

The geodesic Ti skin design has (bL’h) = ,25, (bleL) = .8 and R = .5

Ratios for Same 'r. Skin
Stiffness & Stress Plain Plain Geodesic Plain Ti Geod Ti ‘eod Ti
Values for: Alum. Ti Ti Plain Al Plain Ti vin Al
Skin Thick t il =L ig 2.0 iﬁ 25
n ickness t0 1 tz y .6 s 24 . 4
o 1 [
. -6
E
( xt) x 10 ~ psi 10 t, 16 t 5 t) 1.0 .624 .624
) -6 -
(hyt) x 107" psi 10 ¢ lo ¢, 3.5 ¢, 1.0 .438 .438
(G) x 107° psi 3.76 t 6.2 t, .17 ¢, 1.03 .378 -390
ny «33 31 .41
b _ (same buckling b, b1 b, 625 1.45 .904
load, lbs/in) -
For Applied Axial Load,
Nx' 1b/in
~ J J J
Gross Stress o, r\x/to hx/tl hx/t2 1.6 .5 .8
Longit. Member o, Nx/to Nx/tl 3.7(Nx/t2) 1.6 1.85 2.96
Longit. Member Peak
Stress (at radius) 3 Nx/t° 3 Nx/t1 5.6 (Nx/:z) 1.6 .93 1.49
apeak
Longit. Member Peak 3 N/t 3 N/t 11.1(N_/t.) 1.6 1.85 2.96
x' "o x 1 x' "2
Stress at hole o
peak
For Applied Shear Load,
ny, 1b/in
Gross Stress Txy xy/t° ny/tl nyltz 1.6 ] .8
. 1.6 .1 .04
Diagonal Member % ny/to ny/t1 6.3 (ny/c2 6 3.15 5
Diagonal Member Peak
\J
Stress (at radius) 4 hxy/t° 4 ny/t1 10.&(ny/t2) 1.6 1.30 2.08

abeak

121




t, = 42 in, basic grid thickness
.g t, = «066 in. face sheets only
-E ty = 58 ine., includes 44% spar flange
,% t4 = ¢52 ine., includes interior spar flange
A location of failed member
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FIGURE 4l1. FINITE-ELEMENT MODEL FOR LOWER GEODESIC SKIN
REPRESENTATIVE OF W.S. 73 '
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severe failure location was at the juncture of the longitudinal and diagonal
members at the peripheral 44-percent spar (failure area 3 in Figure 41).

The stress increase in the highest stressed unfailed element was 140 percent,
To reduce this stress level, the design was locally reconfigured along the
peripheral spar into a 3-member arrangement (i.e., the geodesic skin, spar
flange, and a spanwise strap) of the same total area. This design shifted
the critical failure point to an intermediate member (area 4 in Figure 41)
and reduced the stress increase in an unfailed element to 50 percent, Based
on these studies the indications are that the resulting design could be
particularly effective in containing damage--both from flaws and from un-
foreseen fatigue problems. The structure redistributes failed member loads
over a relatively large area of adjacent structure with moderate -~tress in-
creases, The adjacent structure is largely independent structure without
common hole patterns or common flaws and the adhesively bonded cover skins
are relatively light compared to the primary longitudinal and diagonal mem-

bers.

For application to the baseline F-5E airplane, the unfailed character-
istics of this final geodesic design (20 percent cover skins, bL/h = 0.5 and
bD/bL = 0.7) were determined and are summarized in Table XII. Fundamentally,

it has 90 percent of the extensional stiffness of an equal weight aluminum or
titanium skin, 69 percent of the shear stiffness and about a 40 percent in-
crease in stress level over an equal weight plain titanium skin. Relative to
the gross stress (i.e., wT/tz) the cover skins show a 77 percent increase in
stress level. Compressive stability is reduced, however, and this can be

critical in negative bending conditions.

Using this information, a geodesic titanium lower skin for the &4-spar
wing concept was sized for application between the centerline and W.S. 93.5
taking advantage of the improved stiffness and safe-life properties as com-
pared to the earlier design. For the redesign, the skin tension, compression
under negative bending, and shear loads were recomputed by taking into con-
sideration the relative stiffness of the skin and spar flanges. The skin

thickness was governed by buckling consideration under negative bending load.
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TITANIUM, AND GEODESIC TITANIUM WITH 20% COVER SKINS

TABLE XTI
COMPARISON OF EQUAL WEIGHT PLAIN ALUMINUM, PLAIN

The Geodesic Ti skin design has (bL/h) = 0,5, (bD/bL) = 0.7, and R = 0.75

Ratios for equal Wt. Skins
Stiffness & Stress Plain Plain Geodesic Ti ain Ti Geod Ti Geod Ti
Values For Alum, Ti With 20% Plain Al, Plain Ti Plain Al.
Cover
Skin Thickness t t t i I 2 2
° 1 2 —_ = — =1.27 | ==.719
t 1.6 t t
o 1 o
(Et) x 1076 psi 10 ¢ 16 ¢, 1.3 ¢, 1.0 .90 ! .90
(Eyt) x 1076 psi 10 ¢ 16 ¢, 8.0 t, 1.0 .63 ! .63
(Gt) x 107° psi 3.76 ¢ 6.2 t) 3.25 ¢, 1.03 .67 ‘ .69
Vay «33 <31 «31 { i
t 1
b"(same buckling Load) b bl b, .625 | 1.10 .70
Lbs/in ° l i
For Applied Axial Load, : “
N, lb/in i i
" . N N N f |
Applied Stress T _x X _x_ 1.6 i .79 ; 1.27
to t1 \t2 !
Longit. Member o Same Same 1+71 (Nx/tz) 1.6 1.35 2.16
Diagonal Member %p Same Same 1.15 (Nx/tz) 1.6 .91 1.45
Cover skin stress o Same Same 1.77 (letz) 1.6 | 1.40 2.24
Fot Applied Shear Load, T
Nx s 1b/in
Y = N N N
Applied Stress Ty Xy xy xy 1.6 .79 1.27
y t t t
[ 1 2
Diagonal Member D Same Same 3.3 (ny/tz) 1.6 2.6 4.2
Longit. Member o Same Same 2.0 (ny/tz) 1.6 1.6 2:5
Cover skin stress o Same Same 4ot (nyltz) 1.6 3.5 5.6
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g. Analysis of Beaded Stiffening for Titanium Panels

The concept of using beaded stiffening to provide compression and shear
stability to titanium skins on a multi-spar substructure was examined in
detail. The major potential advantage over the honeycomb panel approach
would be in eliminating much of the cost and fit-up penalties associated

with honeycomb construction.

The concept is illustrated in Figure 42. The external compression
panel is stabilized by a thin internal beaded panel with beads running
parallel to the direction of loading. The inner panel could consist of
individual segments between the spars and ribs or it could be continuous,
but unbeaded, over the substructure. The inner panel would be attached to
the external skin with adhesives supplemented with mechanical fasteners
as required. The inner panel is virtually fully effective in shear which

contributes to the overall wing torsional stiffness, GJ.

General instability of the panels in compression and shear was analyzed
using the methodology for plates with longitudinal stiffeners given in
NACA TN 3782. (1 With this method, it was determined that for physically
feasible stiffening of this type, a beaded titanium upper skin would not

be competitive with the weight of the baseline aluminum upper skin.

A brief analysis was also made of the beaded titanium concept in a
lower skin application wherein the reverse bending stability requirements
are less severe. Here the beaded panel was compared to a plain titanium
panel in a 6-spar design. As an orthotropic panel, the beaded panel was

slightly heavier than the isotropic plain panel.

As a result of these investigations, the beaded panel concept was

abandoned in favor of the honeycomb panel and full depth core concepts.

(1) Becker, H., Handbook of Structural Stability, Part II - Buckling of
Composite Elements, NACA TN-3782, July 1957.
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3 AEROELASTIC ANALYSIS

Aileron effectiveness and wing flutter studies were conducted to gain
insight into what effect potential mass and stiffness changes of the
advanced designs would have on these characteristics and to provide design

guidance for the advanced design concepts.

a. Aileron Effectiveness Studies

(1)

The "Quick Look" program indicated that aileron effectiveness

(or reversal) could be a major design consideration if significant wing
stiffness changes occurred in the advanced concepts. Accordingly, a series
of aeroelastic stability and control analyses were made to predict the

quantitative impact of such changes.

Initially, a 20% cut in both the bending stiffness (EI) and torsional
stiffness (GJ) from root to tip was selected as being representative of
the advanced concepts. Concurrently, three other stiffness configurations

were also explored for comparative purposes:
80% EI, 1007 GJ root to tip
100% EI, 100% GJ root to mid span and
80% GJ mid span to tip
100% EI, 80% GJ root to mid span and
100% GJ mid span to tip.
The results of these preliminary studies are shown in Figure 43
as aileron reversal speeds vs. altitude. The corresponding predicted F-5E
data are also shown for comparative purposes together with the 1lg level

flight and Qpax SUTVES for the F-5E. The following conclusions were drawn

from these data:

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural
Concept Study, AFFDL TR-72-98, dated July 1972
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1. Aileron effeétiveness is a definite design consideration.
Significant reductions in wing stiffness can have an
unacceptable effect on aileron effectiveness or reversal

speeds.

2. The wing is relatively insensitive to EI changes --
torsional stiffness changes (GJ) are the predominant

consideration.

3. Reinstating torsional stiffnesses over either the inboard
half or over the outboard half of the wing did not

reinstate aileron effectiveness.

A second more detailed study was then undertaken to determine the
best location to add torsional stiffness which would be more efficient
than reinstating the F-5E stiffnesses root to tip. Figure 44 shows a plot
of wing twist for the rolling maneuver at Mach 1.1, q = 1200 psf and
also the derivative of the curve, A o / A s. This second curve shows that
the most effective general location to add reinstating GJ is near the mid
semi-span -- predominantly between 40% and 60%. In reality, after
including design details and manufacturing considerations, such additional
stiffness would generally be concentrated in the area between the landing
gear rib (W.S. 73.3) and the inboard pylon rib (W.S. 93.5) and decrease
to strength-critical values at the root rib (W.S. 30) and at the outboard
pylon rib (W.S. 123).

Concurrently with this study, the F-5E flight tests demonstrated
aileron effectiveness margins in the most critical speed-altitude operating
range. As a result, the analytical concern depicted in Figure 43
was reduced and it was determined that a moderate reduction in wing torsional
stiffness could be allowed for the advanced concepts. Broadly speaking, this
reduction was found to be equivalent to a 5% reduction in F-5E torsional

stiffness, root to tip.
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A design method was formulated for determining the amount and location
of additional wing torsional stiffness (GJ) which might be required of
the advanced concepts to insure this degree of aileron effectiveness.

A test case and an actual design (Concept 5) were evalugted and stiff-

ened using this method, and were checked by the Aerodynamics Quasi-
Stationary Aeroelastic Solution computer program. The aileron effectiveness
and reversal speeds were virtually indistinguishable from the desired

values.

Spanwise distributions of wing bending and torsional stiffnesses
(EI and GJ) were determined for the advanced concepts as initially sized
by safe life, damage tolerance, and static strength requirements.
The actual stiffnesses versus the allowable 5 percent reduction mentioned

above were:

Concept 1 5.4 percent too flexible

Concept 1A 0.K. as designed

Concept 3 0.K. as designed

Concept 3A 0.K. as designed

Concept 4 9.0 percent too flexible

Concept 5 8.0 percent too flexible

Concept 8 3.0 percent too flexible

Concept 8A 3.0 percent too flexible

Three different approaches were considered to supply the required

additional stiffnesses. The first is limited to designs with titanium
upper wing skins. Here, selected upper panels in the main structural box
are replaced with metal matrix Ti-Borsic composite material. These are
inserted between the basic titanium spar and rib lands and then electron
beam welded to produce a one-piece upper wing skin. This is an effective
approach weight-wise and utilizes the very high specific stiffness of this
advanced material in non-tension critical areas of the primary structure.
The second approach consists of replacing portions of both upper and lower

skins of the secondary box structure (that structure aft of the 447%

spar and outboard of the landing gear rib) with graphite or boron-epoxy
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composite skins. These skins are step-tapered bonded within a narrow
titanium frame which contains all panel to rib and spar fastener holes.
There are two distinct advantages to this approach. First, much of the
secondary structure is removable for aileron bay access, thus splicing
penalties are held to a minimum. Secondly, advanced composites can be
"tailored" to provide nearly any relationship between shear and
extensional stiffness. This allows the secondary box structure to be
designed highly effective in torsion (thus utilizing the available
enclosed torque box area to best advantage) without also picking up high
spanwise loads in the area of the landing gear cutout. The third method
consists simply of proportionately increasing the thickness of both the
main and secondary box structures. This increases torsional stiffness
without adversely affecting the spanwise loads in the secondary structure
outboard of the landing gear cutout. Estimated weight penalties for the
first and third approaches are summarized in Subsection III-10.

The second approach was not analyzed in detail because of the relatively
small weight penalties involved with the first two approaches. However,

it will certainly be lighter than the all metal solution.

The spanwise distributions of overall wing bending and torsional
stiffness after reinstating to the desired rigidities are shown in
Figures 45 and 46 together with the baseline F-5E stiffness.
These figures show concepts 1, 5, and 8 which cover the range of
structural arrangements investigated (i.e., full depth core and multi-spar
configurations) and materials used (titanium and aluminum designs).

Stiffnesses of other designs are within the range of these plots.

b. Flutter Analyses

The general flutter characteristics initially studied in the "Quick
(1)

Look!" program for two store arrangements were expanded to include four more

arrangements. The wing model was structurally representative of the advanced

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural
Concept Study, AFFDL TR-72-98, dated July 1972 (pages 5-130).
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concepts rather than a discrete model of any one concept. It consisted of
an estimated 20 percent reduction of bending and torsional stiffness, root

to tip, with attendant weight and mass moment of inertia changes relative to
the F-5E baseline wing. Flutter data for this model were developed with

the fore and aft position of the wing tip missile launcher as an independent
parameter and compared with the corresponding data generated for the baseline

F-5E wing. The table below shows the store configuration matrix for this

investigation:
TIP OUTBOARD PYLON INBOARD PYLON
Quick Look AIM-9J ———- BLU-27B(F)
Quick Look AIM-9J ———- ————
Phase 1A AIM-9J CBU- 24 CBU-24
Phase 1A AIM 9J CBU-24 ———-
Phase 1A Launcher -———- BLU-27B(F)
Phase 1A Launcher ———= ——aa=

No serious flutter problems were encountered with this model,

although considerable shifting between critical symmetric and antisymmetric
modes was evident relative to the production F-5E data. For one configura-
tion, however, (tip launcher plus inboard BLU-27B(F)), a 50-knot degradation
to 580 knots was indicated, but this would not be significant for operational

usage.

These flutter studies did reveal that for most store configurations
the ratio of the first bending frequency to the first torsion frequency
is in the range of 1.18 to 1.32. This indicates that particular attention
should be given to flutter considerations for those designs which have
relatively greater torsional stiffnesses in relation to bending

stiffnesses than the representative model investigated.
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In this regard, the stiffness curves (EI and GJ) shown in
Figures 45 and 46 reveal that Concept 8 can be considered flutter-free
with a high degree of confidence. The full depth core titanium design
(Concept 1), however, shows a proportionately greater reduction in bending
stiffness than in torsional stiffness particularly over the inboard half
of the wing. In this case, an in-depth flutter analysis of this particu-
lar concept for each suspected critical store combination would be neces-
sary before flutter-free performance could be predicted with a similar
high degree of confidence. The third recommended concept (Concept 3A),
though not shown on the EI/GJ curves is a multi-spar configuration similar
to Concepts 5 and 8, but with more inherent rigidity. As such, it will more

closely approximate the desired EI/GJ relationship and can reasonably be
expected to be a flutter-free design.
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4. DAMAGE TOLERANCE ANALYSIS

In this program advanced air superiority wing structure concepts have
been designed to satisfy damage tolerant requirements as stated in MIL-STD-1530
and the "USAF Damage Tolerant Criteria" contained in the proposed revision to
MIL-A-008866A (see Volume II, Appendix II). Application of this criteria has
insured that major emphasis is given in the design phase to analysis of
structure containing inadvertent or inherent flaws. Flaw sizes considered

are those standing little chance of being detected by existing NDI techniques.

Damage tolerant analysis in support of thé design concept studies con-
sists of four main facets, 1) identifying critical damage tolerant structure,
2) establishing an acceptable method of analysis, 3) defining suitable material
properties, and 4) development of a representative flight loading spectrum.
Careful attention must be given to each of these facets to insure proper appli-

cation of damage tolerant requirements.

The particular flight loading spectrum used throughout this analysis is a
modified version of the basic F-5E design fatigue spectrum. The development
of this spectrum is outlined in Volume II, Section III.5.

a. Damage Tolerant Critical Structure

Structural components of the advanced design wing concepts have been

reviewed for the.purpose of identifying damage tolerant critical structure.

The following criteria have been used for selecting critical structure.

A structural component must be designed to damage tolerance requirements if:

1. An undetectable inflight failure would (1) cause catastrophic
structural failure when operating up to the full required residual
strength load for both flight and landing conditions, or (2) en-
danger safety of flight due to loss of control or by reduction of
flutter speed.

2. A detectable inflight failure would preclude a safe return flight

to base.

Using the above tests, the following main box structure must be designed to

damage tolerance requirements. Refer to Figure 47.

e Lower wing skin inboard of W.S. 123
e Forward (15%) spar from the root rib to W.S. 123
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447 spar from the root rib to W.S. 73

Aft (66%) spar from W.S. 73 to W.S. 123

Root rib

Landing gear rib (W.S. 73)

Aileron back-up ribs at W.S. 84, 93, and 109,

The following main box structures are not required to satisfy the damage tol-

erance requirement tests listed above; consequently, damage tolerance need not

be considered in the design of these structures (in concepts in which they

occur):

Main skins, all spars and ribs outboard of W.,S. 123, and the fixed
trailing edge structure outboard of W.S. 116,

Landing gear bay upper panel, 66 percent spar inboard of W.S. 73, and
associated trailing structure aft of the landing gear bay.

Interior spars inboard of W,S. 123, The failure of an interior spar
flange will not cause catastrophic failure or loss of control up to the

maximum fatigue spectrum load,

Forward and aft spars in center section between root ribs, The
center wing section is not torsion critical because of the four bolt
wing to fuselage attachment and the stiff fuselage structure. Conse-
quently, these boundary spars fall in the same category as the inter-

ior spars described above.

W.S. 93 pylon rib and W.S. 123 pylon rib. A failure of this structure
may cause loss of the pylon. This would be detectable in flight and

would not preclude a safe return flight to base.

In the structure listed as requiring damage tolerant design, the lower

wing skin (inboard of W.S. 123) and the 44% spar to skin interface (root rib

to W.S. 73) stand out as the most critical. Both of these structural items
are subjected to the wing bending spectrum and as such are the most highly

loaded tension members. The 15% spar operates at a slightly lower stress due

to the decreased box depth, and the ribs will experience a less severe re-

peated load environment than the skin.
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b. Analzsis

Unlike the application of more familiar technologies to structural
design, such as static strength analysis, damage tolerant analysis methods
have yet to be standardized into universally acceptable procedures. Also
lacking at this time is sufficient service experience to "test out" the
accuracy of particular damage tolerant analytical approaches. The analysis
approach defined herein is an attempt to fill this gap by combining engin-
eering judgment with current damage tolerant analysis technology and design
criteria. The end result is a crack growth life prediction that reflects
some confidence in having accounted for all significant but elusive vari-

ables without compromising structural weight and cost.

Due to the variety of design concepts considered in this program, the
ma jor damage tolerant analysis emphasis was on a few typical structural de-
tails. These are the most critical details in each concept where crack
growth in the presence of a flaw may limit the life of that concept. Ulti-
mate damage tolerant design stresses may be determined from crack growth life
analysis of these details using the appropirate combination of materials and
local geometry for a given advanced concept. This design stress would then
be compared to static and fatigue design stresses to determine the minimum
requirement. With the exception of the geodesic skin concept, all lower skin
arrangements are monolithic, designed to slow crack growth requirements.
Three types of typical structural details must be considered, depending on

the skin to spar attachment arrangement.

(1) Nonmechanically Fastened

Spar shear webs that are integral, bonded (such as full-depth honey-
comb), or welded to the lower skin, are considered a typical detail for flaw
analysis purposes. In this case the lower skin would be checked for crack
growth from a surface flaw., Initial damage size is defined as a/q = 0.10.
Flaw aspect ratio, a/2c, may be assumed from 0.10 to 0,50. For the thick-

nesses investigated in this program the shallower flaw (a/2c = 0.10) was

the more severe.

However, when compared to tensile ultimate design allowables, the surface

flaw ultimate design stresses are always higher. Thus, for the combination
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of materials Ti-6A1-4V BMA, 7475-T7651, and 2048-T851) and thickness (0,30

to 0.45 inches) considered in the nommechanically fastened concepts, surface

flaw requirements were not critical.

(2) Mechanically Fastened

Spar flanges mechanically fastened to the lower skin panel must be
evaluated considering multiple flaws (flaws in both flange and skin at
common fastener holes), inspectability, flange failure effect on skin, and
load transfer effects on crack growth., Possible crack growth retardation
at fastener holes due to special fastener systems or hole preparation were
ignored insofar as meeting the crack growth service life requirements is

concerned.

As mentioned in the preceding discussion on damage critical structure,
two typical structural details are the most critical, the 447 spar to skin

interface, and the interior spar to skin interface.

(a) 44 Percent Spar

The 44 percent spar was classified as non-inspectable in that a flaw
in the spar flange is not inspectable by any of the techniques allowed under
paragraph 1.1.1.5 of the damage tolerant criteria (Volume II, Appendix II).
This indicates that the 44 percent spar must meet a slow crack growth require-
ment of 2 lifetimes (8000 hours) with a minimum assumed initial damage of an
0.05 through flaw at a hole. Subsequent crack growth analysis indicated that
this flawed aft spar was less critical than the flawed interior spar to skin
interface. This is due primarily to its greater flange width and reduced
fastener load transfer at the flawed hole (aft spar to skin attachments are
sized mostly by torsional induced shear requirements). Therefore the 44 per-

cent spar damage tolerance is only a factor in the absence of interior spars.

(b) Interior Spar to Skin

Defining a critical mode of failure for the interior spar to skin
interface presented a problem since there is a question of how to account
for damage in the interior spar flange. Remembering that the interior spar

flange was classified as not critical to flight safety, service failure of
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the flange may therefore be allowed. What must be determined is what impact
this failure has on the skin panel, consistent with the damage tolerant

criteria.

The necessary analysis assumptions are discussed in Volume II, Section

IIT. In this Volume II discussion, two methods of analysis are considered:

l. Crack growth at the common flawed hole taking into consideration

stress buildup in the skin due to the spar flange failure, and

2. Crack growth at the adjacent hole taking into account stress
buildup as well as high load transfer into the skin resulting

from a discontinuous spar flange.

High load transfer only occurs at the adjacent fastener since the spar flange
is discontinuous at the common flawed hole and is unloading at the adjacent
hole. 1In application of the above methods to design studies, method 2

produced somewhat shorter crack growth lives than the first method.

In the interest of a conservative design approach, method 2 was used
in the design concept studies with interior spars. As pointed out in
Volume II, Section 3.2, a 0.05 fatigue initiated flaw is assumed to exist
at the skin fastener hole due to high load transfer from the failed spar

flange. This flaw is present at the instant of spar flange failure.

All crack growth analysis has been based on curve fit to constant

amplitude crack growth rate data using the Forman et al equation, (1)

c (ak)"

da/dN =
(1-R)Kcf -AK

in conjunction with the CRACKS computer program. ch is a "dummy" critical
stress intensity value to facilitate curve fitting. Actual crack growth is

terminated at Kb’ C and n are materials constants and R is the stress

intensity ratio KMIN/KMAX'

(1) Forman, R. G., Kearney, V. E., and Engle, Jr., R. M., "Numerical Analysis
of Crack Propagation in Cyclic-Loaded Structures,!" Journal of Basic
Engineering, Trans. ASME Series D, Vol. .89, No. 3, 1967.
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Retardation predictions for variable amplitude loading have been deter-

mined by the Willenborg retardation model.(l)

Plastic zone sizes were based
on assumed plane strain conditions in the aluminum skin panels, plane stress
in the titaninum skin panels, and plane stress in the spar cap. The crack

tip stress intensity, KI’ for a through crack emanating from a hole is,

K, =o\ma f (a/r) £ (a/w) £ (a/p)

where f (a/r) is the Bowie magnification factor for flawed hole analysis and
f (a/w) is the finite width correction factbr.(z) Residual strength limita-
tion on crack growth life is determined from the maximum spectrum load,

which is slightly greater than design limit.

The factor f (a/p) is a magnification factor to account for bearing
load in the skin hole. This factor .was approximated by an assumed linear
relation between peak stresses (due to bearing loads) at the hole edge and
gross stresses at the edge of the spar flange. The effects of interference
fits, load transfer across the fastener head, etc., were ignored. This
adjustment resulted in approximately a 357 increase in initial stress in-
tensities, approaching the open hole value as the crack grew. Crack growth
life prediction was based on the average of the computed variable load
amplitude retarded and non-retarded lives. This was an attempt to account
for possible time dependent retardation relaxation effects and variations
in analysis parameters. The latter was in anticipation of the criteria

sensitivity study results reported in Volume II.

The result of a typical analysis is shown in Figure 48 for Ti-6A1-4V BMA,

A complete listing of pertinent damage tolerant design stresses for each

concept is contained in Tables VII and VIII.

(1) willenborg, J., Engle, R. M., and Wood, H. A., "A Crack Growth Retarda-
tion Model Using an Effective Stress Concept," AFFDL-TM-71-1-FBR,
January 1971,

(2) Wilhem, D, P., "Fracture Mechanics Guidelines for Aircraft Structure
Application," AFFDL-TR-69-111, February 1970.
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c. Material Properties

‘The method of damage tolerant analysis described in the preceding
section requires the use of certain basic material properties. These basic
properties are constant amplitude crack growth rate data and fracture

toughness data for each damage critical material investigated.

The damage critical materials of interest here are those used in the
primary tension application, the lower, inboard, wing skin, and lower spar
flange:

Lower Inboard Skin Panel

2048-T851 Aluminum Plate
7475-T7651 Aluminum Plate
Ti-6Al-4V BMA Plate

Spars (Interior and 44%)
7050-T736 Precision Forging
Ti-6A1-4V BMA Precision Forging
Ti-6Al-4V BMA Sheet

While the interior spar flanges are not classified as damage critical

structure, their failure does affect crack growth in the skin and therefore

must be considered in the analysis.

In general, damage tolerant analysis in support of design concept
studies was based on preliminary material properties obtained from a variety
of literature sources. These properties were checked against test data
developed in this program as it became available. Preliminary damage
tolerant design stress levels were found to be fairly accurate in most cases
and usually within the limits of expected variations in crack growth rate

and fracture toughness data.

(1) Crack Growth Rate Data

Design curves for 7475-T76 and Ti-6Al-4V BMA are plotted in Figures
49 and 50, respectively., Also included are the appropriate data from the
materials Test Program (Volume III), both dry air and 3,5% NaCl salt solution

results,
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As can be seen from these curves, the design values appear fairly
reasonable in comparison to the test data. In this case a '"reasonable"
environment is considered to be between the two extremes, salt solution and
dry air, and somewhat closer to the dry air in terms of environmental
effects on crack growth. The test data indicates faster growth rates above
approximately AK = 30 Ksi /in. than used in analysis for the 7475-T76
material. However, this is not considered a problem since only 157 of the

crack growth occurs at AK values of 30 Ksi/ in. or greater.

Materials test data for 7050-T73651 and vendor supplied data for
2048-T851 are compared in Figure 51 to the 7475-T76 design curve, assumed
applicable in preliminary analysis of these alloys as well. On the basis of

this comparison, it appears that this has been a conservative assumption.

Regarding the remaining damage critical materials, the following con-
clusions have been reached based on evaluation of the test data (see

Volume III):

1. There is no significant difference between 7050-T7651 and 7050-
T73651 plate crack growth rates in either dry air or 3.5% NaCl
solutiorm.

2. Crack growth rates are slower in 7050-T736 forging than in 7050-
T73651 plate.

On the basis of this last conclusion, Ti-6Al-4V 8MA precision forging crack

growth rates are assumed no higher than those in the plate stock.

(2) Fracture Toughness

Critical stress intensity (Kc) values essentially define the critical
crack length under given spectrum stresses. For design purposes these
values were selected as 60 Ksi /EET for the aluminum and 110 Ksi /?;T for
Ti-6A1l-4V BMA. These values are considered sufficiently representative for

these materials in the thickness ranges investigated.
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5. FATIGUE ANALYSIS

Fatigue analysis has been used in this program for predicting and con-
trolling crack initiation as a means of assuring adequate safe life in the
advanced concepts. The fatigue life goal is identical with the F-5E baseline
requirement, 4000 service hours, or 16,000 design service hours. This safe
life requirement is considered a primary requirement for structure vital to
the integrity of the vehicle or to personnel safety and is in addition to
the damage tolerance requirements (see Section III.4). The lower wing skin
is the most fatigue critical structural component, and the principal effort

was in analysis of materials for this structure.

In general, the approach is preliminary design in nature in that spec-
trum usage and predicted fatigue quality is based on experience with the base-
line or similar structural systems. This information is then combined with
appropriate S-N fatigue data through cumulative damage analysis to determine
fatigue design stresses. These stresses are compared with static and damage
tolerant design stresses to determine the minimum design requirement for

structural weight assessment.

a. Spectrum Development

The fatigue loads spectrum for the F-5E baseline is fully developed and
described.(l) This spectrum is a comprehensive service loads spectrum
representing all external load variables which affect fatigue evaluation.
The total spectrum encompasses thousands of possible combinations of weight,
c.g. location, store configuration, flap position, maneuver, etc., and was
intended for use in a rigorous computer analysis of F-5E details involving

well defined materials.

The requirements of this program to develop advanced and innovative
wing concepts indicated that a more streamlined and condensed spectrum
would greatly facilitate material selection and design trade-off studies.
Along with the need for a high confidence, simplified spectrum, was the

practical requirement of restricting or limiting the number of wing stations

(1) Joyce, R. E., and Fortier, M., "F-5E Structural Fatigue Criteria Report,"
Northrop Corporation, Aircraft Division Report NOR 71-214, December, 1971,
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to be evaluated, since each spanwise wing station has an individual spectrum

due to the many load variables acting on the wing.

With these needs in mind, a careful evaluation of fatigue critical areas
on the baseline F-5E wing was made. This evaluation indicated that the geo-
metric constraints which led to critical areas on the baseline would be
inherent in all new wing concepts, creating similar fatigue critical areas.
These areas are shown as the shaded area in Figure 52 and are identified prin-
cipally as the lower wing skin from the wing root to the inboard pylon, and
the wing root ribs which extend from the wing fore and aft, attaching the wing
to the fuselage.

On all new concepts, the root ribs have improved section properties, re-
sulting in less operating stresses than on the baseline. Therefore, the root
ribs on all new concepts will preserve at least the same fatigue life as the

baseline, and do not require additional fatigue life substantiation.

The most fatigue critical areas on the lower wing skin are at the root
rib area around wing station 30, and at the landing gear rib area at wing
station 73 where the wheel well cut out ends. Thus, stations 30 and 73, plus
station 93 near the inboard pylon rib, were selected as the three locations

where fatigue analysis would be made on all new concepts.,

An individual fatigue spectrum was developed for each of these three wing
stations. The object of this procedure was to condense the spectra in such a
manner that damage predicted by using the condensed spectra would be equal to

that predicted by using the full comprehensive spectra.

The procedure used to develop these condensed spectra will be briefly

described using the wing root spectrum as a typical example.

A thorough evaluation of all contributing factors to fatigue loads

indicated the following significant sources of load at the wing root area:

1. Symmetrical maneuvers
2. Roll maneuvers

3. Abrupt pitch maneuvers
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4. Ground-air-ground, or peak to peak once per flight loads
5. Landing impact
6. Vertical gusts.

Through rational combining, lumping, and adjusting, using both statistical
and empirical techniques, the spectrum generated by the above six sources was
reduced to 205 load levels, each level occurring a certain number of cycles in

the 4,000 hours total lifetime of the aircraft.

This 205 level spectrum was then used to establish an index Kt for all

subsequent analysis. The specific objectives of the program require all new
concepts to maintain the same life as the baseline. Original F-5E fatigue
analysis showed projected component lives exceeding the design target of
16,000 hours by various amounts. Rather than compare each new concept detail
to target lives variously exceeding 16,000 hours, a rationalized approach was
taken which assumed that the baseline had a uniform life of 16,000 hours.
The design Kt was then analytically determined which would give this 16,000
hour life. In the case of the baseline spectrum operating on baseline S-N
curves, the derived Kt for 16,000 hours was 3.65. This Kt of 3.65 was then
established as the index Kt for evaluating all new concepts using similar

design methods and construction details as the baseline F-5E.

The 205 level spectrum was then further condensed and combined into a
more useful 33 level spectrum which gave the same analytical fatigue damage
as the 205 level spectrum at a Kt of 3.65. This streamlined spectrum then
became the analytical spectrum used to evaluate new concept materials and

designs. The spectrum for the wing root is shown in Table XIII.

The same procedure described above was used at wing stations 73 and 93
to develop condensed spectra which were equivalent in severity to the full

F-5E spectra.

The basic condensed spectra are load level spectra, and as such, are
applicable to all new concepts since wing loads will remain the same as on the
baseline. The stresses which these moments generate in a given structure
depend principally on the geometric properties of the wing cross section, or

more specifically, on the thickness of the lower and upper wing skins.
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TABLE XIII

CONDENSED BENDING MOMENT SPECTRUM - WING STA 29.50

ERXER MMin MMax MMean MAlt Pg;CERgggcizs

(in/1b) (in/1b) (in/1b) (in/1b) ’ ‘
1 0 246000 123000 123000 1774
2 367000 184000 184000 22622
3 446000 223000 223000 6584
4 574000 287000 287000 506
5 713000 356000 356000 135
6 908000 454000 454000 30
7 0 1109000 554000 554000 3247
8 107000 1615000 861000 754000 52
9 107000 1747000 927000 820000 14
10 107000 1903000 1005000 898000 12
11 141000 380000 261000 120000 14618
12 467000 304000 163000 12444
13 563000 352000 211000 12976
14 675000 408000 267000 10496
15 789000 465000 324000 6741
16 916000 529000 388000 5143
17 1040000 591000 450000 1641
18 1153000 647000 506000 572
19 Z 1299000 720000 579000 319
20 141000 1481000 810000 670000 102
21 222000 420000 321000 99000 29348
22 535000 378000 156000 19894
23 634000 428000 206000 18649
24 741000 482000 260000 12982
25 850000 536000 314000 5954
26 949000 586000 364000 4462
27 1029000 626000 404000 2220
28 1158000 690000 468000 1553
29 222000 1414000 818000 596000 115
30 307000 618000 463000 156000 4230
31 904000 605000 298000 976
32 1178000 743000 436000 178
33 307000 1515000 911000 604000 13
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This relationship can be expressed as follows:

fogerating = Fult. = constant
Moperating Muie.

Once the loads and the design of any aircraft wing are established, the
above relationship, stress divided by moment, for a particular location, is a
constant ratio. If S-N data is available for the new material, the stress
spectrum can be adjusted by varying this constant until a value is determined
which results in a 16,000 hour fatigue life at a K, of 3.65. The ultimate
design stress allowable is then readily found by multiplying this derived

constant by the ultimate wing moment at the section being investigated.

In the case of the concept involving the use of X2048-T851 thick plate
machined with integral spar webs, the skin areas between ribs from wing
stations 30 to 73 and from 73 to 93 have a significantly reduced Kt factor
due to the absence of bolts or joints of any type along the skin surface.
In these areas, a Kt of 2.0 was judged reasonable for analysis since un-
known residual stresses and material handling nicks and scratches prevent

the elimination of stress concentrations.

b. Material Properties

The materials selected for the three final design concepts are summarized

as follows:

Lower Wing Skin

7475-T7651 Plate
2048-T851 Thick Plate
Ti-6A1-4V Beta Annealed Plate

Spars
7050-T736 Precision Forging

Ti-6A1-4V Beta Annealed Formed Sheet
Ti-6A1-4V Beta Annealed Precision Forging.

S-N curves for the selected aluminum alloys are presented in Figure 33

and the titanium alloys in Figure 54. Curves shown for 7475-T7651 and
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7050-T736 were derived from data obtained in the material test program (Volume
I11). The X2048-T851 was a relatively recent selection for the thick plate

concept. Northrop test data for 7050-T7651 thick plate demonstrated an un-
expectedly poor fatigue performance. Although the 7050-T7651 had admirable
crack growth characteristics and superior static strength, it was felt after
reviewing the AFML report on X2048-T851(1) that the X2048 alloy offered a

superior combination of properties for the needs of this program.

Preliminary design on the Ti-6A1-4V concepts was accomplished before
the material test program could furnish data on Ti-6A1-4V Beta annealed sheet.
Material properties used to support this preliminary design were obtained from
a combination of best available sources, primarily representing Ti-6A1-4V
annealed sheet. A derived S-N curve at Kt = 3 obtained from these sources
is shown in Figure 54. Early in the program, it was felt that the beta pro-
cessed Ti-6-4 could offer an attractive weight saving potential. However,
to avoid the possibility of error, Ti-6-4 annealed data was conservatively
used. Data subsequently obtained on the Beta processed alloy is shown in
Figure 54. It can be seen in the figure that an unexplained scatter occur-
red in the data points. It was concluded that without further test verifi-

cation, modification of the preliminary curve shown was not justified.

c. Method of Analysis

The fatigue analysis objective is to determine an ultimate design stress
for static analysis purposes based on fatigue design stress requirements. The

basic analysis procedure for each material and design concept is as follows:

1. A Palmgren-Miner cumulative damage analysis is completed for a
range of reference spectrum stress levels and theoretical stress

concentration factors, KT.

2. The reference spectrum stress levels are then converted to ultimate

design stresses using the relationship:

M
Fult. = fOper. (.JLLE; ) (See paragraph "a'".)

oper.

(1) Mechanical-Property Data, X2048-T851 Aluminum Alloy, issued by AFML,
October, 1972, prepared by Battelle Memorial Institute under contract
F33615-72-C-1280.
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3. Design stress level vs. KT plots are constructed for the specified
life requirement (16,000 hours).

4. Ultimate design stress based on fatigue requirements may now be
determined for the appropriate structural fatigue quality index

(KTe).

An example of a fatigue design stress vs. KTe plot developed in this
program is shown in Figure 35 for Ti-6A1-4V BMA plate. At a fatigue quality
index of 3.65, the fatigue design stress in this case is 113,000 PSI. Fatigue
design stresses for other materials and concepts are tabulated in Tables

V through VIII,
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FATIGUE ULT. DESIGN STRESS (KS1)

16,000 HOURS FATIGUE
\ \ DESIGN LIFE
140 + \ \ ULT. CUT-OFF 135 KSI
\ \ /
135 ¢ A\ AN
130 4+
120 4+
113,000 PSI
l—
1104
100 +
wn
Q_a
™
90-.
80 1 -+ - + . ‘
2.0 2.5 3.0 3.5 4.0 4.5 5.0
KTe

FIGURE 55. FATIGUE DESIGN STRESS FOR Ti-6A1-4V BMA PLATE

- 160



6. MATERIALS ENGINEERING

The portion of this contract dealing with the Materials Test Program is
detailed in Volume III and summarized in this section. Table XIV presents a
summary of typical test results on the advanced materials (approximate average
values) as compared to the current F-5E materials 7075-T7351 and 7075-T651
plate and T73 forgings. In addition, literature data on the commonly used
titanium alloys Ti-6-4 and Ti-6-6-2 are included for comparison with the
titanium test data. This table is also presented as Table LV of Volume III,
Section 1, '

For aircraft design use, the typical values listed in Table XIV for
tension and compression need to be reduced to "A'" values. Normal statistical
techniques penalized the new alloys and heat treatments so severely, due to
the limited number of specimens, that none of them were as good as the presently
available materials. Therefore, an analysis of typical literature data and "A"
values was made to establish a rule-of-thumb for estimating the design values.
Modulus values remained at 100 percent of the average test values, fracture
toughness values were normally 95 percent to 100 percent of the lowest test
value, depending on the amount of scatter, and strength values were taken as
93 percent of the average test values. These values were further modified when
other sources of data were available. The largest modification occurred for
the 1/8-inch Ti-6-4 BMA sheet which was of an unacceptable microstructure.

(See Volume III,) The Northrop data for this sheet was substantially above
all other reported values. Therefore, the values were reduced substantially
to those given in Table XV. Table XVI contains the design values computed for
the aluminum alloys.

Table XIV has the test results grouped with comparable alloys and heat
treatments, which will be discussed as application groups, the main
applications being:

a. lower wing skin (damage tolerant critical)

b. upper wing skin (compression strength critical)
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c. ribs and spars (formed, forged or cast parts which must match

the lower and upper wing skin properties).

The 7050-T73651 alloy plate has the highest strength of the lower wing skin
group. However, 7475-T7651 was superior in S-N fatigue, fatigue-crack growth
resistance and fracture toughness. For this reason, the 7475-T7651 was selec—
ted for use in the fatigue toughness critical lower wing skin application when
an aluminum skin was desired. Note that the design of the lower wing skin is

primarily based upon fatigue crack growth rates and S-N fatigue strength.

In fact, da/dn data, although not generally obtained, is perhaps one of the
most sSignificant parameters upon which to base material comparison and
selection.
The second grouping represents upper wing skin candidates. Of these,
both the 7475-T651 and the 7050-T7651 appear to be equal to or better than
the 7075-T651 alloy in all properties listed, and the 7050-T7651 had the
best stress corrosion resistance, Therefore, for both normal skin and integrally
stiffened skin applications, the 7050-T7651 was selected as the best aluminum

upper wing skin material,

For forged components, the 7050-T73 material appears to be equal to or
better than the 7075-T73 in éll cases., Thus, it was selected for the forged

aluminum spars and ribs,

The new generation of titanium alloys has been developed for high fracture
toughness characteristics. Thus, while Ti-6-4A and Ti-6-6-2A have good static
strength and S-N fatigue strength, they are limited in applications for
lower wing skins dﬁe to their poor fracture toughness and fatigue crack
growth rates. The newéi materials sacrifice some static strength and S=N
fatigue strength but offer improved fatigue crack growth characteristics and
fracture toughness. The Ti-6-4 BMA material appears to have an excellent
balance of strength and fracture properties. Therefore, based upon these test
data and published data on beta forgings, Ti-6-4 PMA was selected for use in

lower wing skins as well as formed and forged spars.

The Ti-6-4 castings were either annealed or given an STA treatment,
The annealing treatment produced more uniform test results with reasonably
good properties. The STA material is apparently quite sensitive to various
casting defects. Thus, many of the STA césting tests exhibit a lot of

scattering, Until this problem is corrected the STA castings cannot be

162



€91

sanTeA § ‘jooqpuey ¢—TIW PU® 7/61 AINC ‘86—7/-4l-10ddV ‘4Apnis 3daouo) Tein3onils 123y31g IYyS8TamIy317 paduespy ‘e 32 ‘zueijuasoy °*D xx
ZL61 AInr “86-7/=41-1addV ‘4Apnis 3dsdouo) [ein3dnils 123y3T4 3Iy371amay317 padueapy ‘1e 39 ‘zueajuasoy °*D %

1]
M1 %% < oL o€ ST 01 LY 44 €1 D 0°¢ 12 €T 8¢ > 0%z G617 8°L1 GS1T AAl c*1 1°L1 871~ 8z1 | Burased .% ¥ u8/1 V1S %=-9-11
- - A/} - - %1 G1 09 92 61 1°0 0°¢ LE 6€ LY - - - - €°L1 791 871 €1 0°91 161 191 3urdxod %1 V1S 77=-77-9-T1l1
MT 9¢ 0s == == == - - -- -- - - -=] -- - - - - 092 G1¢ 1°81 LLT GHl €1 °L1 661 €LT 3e1d u% V1S 77-77-9-1L
- - ¢ e -- LE A4 11 1°0 0°¢ 6€ 8y 3 -- - - G L1 891 - - 8 0°L1 891 8L1 2381d uG'T-u81°0 FAVLS 7=9=9-TL
8¢ % -- - - - - - - - - -- 1°0 0°¢ oY 0S L8 -- -- %°91 791 - - 8 0°91 761 891 21B1d uGL =u81°0 #%VLS =9-TL
M1 0t < SL == 0t - 0S KL Gl 1°0 0°¢ 87 1€ €y > GeT 06 %91 8% 1 LT1 0°C 0°91 9¢1 ov1 | Surased .%. ¥ u8/1 VH=9-T1
M1 99 == €z == <9 82 Sl 1°0 | oe| ¢ o% 09 %eT zZ0¢ - o | 1 A ¢c1 | 61 1994S u8/1 VR #=-9-T1
M1 8¢ 6<9q 03 pajroday 92 S1 - - 09 8¢ St - == -=] -- - A1 567 - = == == 11 G*91 9c1 | o1 9181d uE°0 VRg #=-9-TL
M1 we 66<2q 03 pajzoday 8z 0? €1 8% 4 €1 1°0 | o°¢ €€ L GG = - - - —w | = €1 0°91 971 LET 21e1d u% Ry #=9-T1
M1 €6 < 06 2q 03 xp3310day 6¢ 07 A 8% (44 A 1°0 | o'c| ¢ 6¢ s 961 66T ¢ i 0€1 06 €1 G*91 G11 0€1 21e1d u% V1-1-7-9-T1
0¢ 0% - - - - = b= 93 61 8 -« | o°¢ 13 0S 8 - - §*L1 8T | - - 01 0°L1 91 861 2181d wl-u81°0 #34V =9=9=T1
¢ 56 - - - = = e Le 61 01 1°0 0°¢ vls 09 08 861 SHe %°91 Z€1 -- 0T 0°91 921 LET 2381d wh=u81°0 #XVH=9=T1
! WIINVLIIL
1L €2 e 61 8 -- L7 91 11 z°0 0°¢ S1 81 g 901 ov1 9°01 89 19 6 1°01 %9 €L 3ur8iod ,%1 €L1~-050L
vls - - - - -- [44 01 7 - ==] ==} -- v - sk 601 09 -- L €°01 09 1L 3ur810d ,¢ %*€L1-GLOL
1L 07> 1€ 91 L 5°8 6¢ 0T 9 Z°0 0°¢ L1 vl ¢iT 861 9°01 €8 69 6 0°01 LL 8 23e1d ul 16941-050L
1L ¢ e - = - - e - - - == - | == }E%1 ;o = = i 961 9°01 6L L9 1 €°01 L 98 231B1d Wl 1691-GLYL
1L £ 9¢ - - -- - = 81 6 S 1°0 0°¢ |G c1 12 €€ - - - - G*01 GL -- 8 €°01 9/ G8 ?3e1d w=u% *1691-GL0L
11 €2 €e 81 | S°¢ $ s¢ 01 S 20 | ot | 11 1 0 011 0s1 L*01 7L 9 01 2°01 €L 8 23e1d ul 169€L1~050L
1L %2 o% G1 L G°¢ 14 01 §°S z°0 0°¢ 81 0z 8¢ L01 o1 9°01 7L 09 otr | zro1 89 8L ?3e1d ul 169L1~GL%L
g - - -- = = 0¢ 01 s 1°0 0°¢ 71 81 o€ -- - - 9°01 79 -- L €°01 €9 8L 23e1d w&—u% *1G€LI~GLOL
! WONIWNNTY
r 555 M1 o1 0T m_go»o\z.&.oime 01 01 HTOAD/NI g_01/4Ivd q N 401 <01 701 Nid 1dM | NId lam T8d 401 153 153 7 TSd,01 TSA 153 W04 X011V
NT/* 1SY bl %IH\/ 1S9 21y 4 | HLMO¥Y MOV¥D HIMOY¥O MOVHD |‘ /SATIAD I wmx om %u,m Hao,m um ; \Sm :u.m TVINALVK
oo SSANHONOL F¥ALOVYd NI/v 159 A NI/C 159 A 1S3 SSANLS ANDILvd WINIXVA L 9
B . 10BN %G°€ HIMOYO YOVMD dNOILVA| (WIV AHA)HIMO¥O OVHD INO1LVd T5IIvI NS T Io6d 5TIViS

NOSIYVAWOD STVINALVH °AIX ITIVL



*stsayjuaied ur Isoyj 03 pPIIAMO] 3I3M SINTBA Y3
¢sanTea pajiodax 1syjo Aue ueyi 13y3TYy YOnw 3I9M SINTBA 393Yys VW{ #-9-TL Y3 SV %

d
oL 2 05 ve " st c6 06 on 66 ugA sy Cly
)
8°L1 € L1 1°81 got1 | w1 | wrot (veo1) 1| %°o1 L1 L1 °91 ™1 o1 Vg
d»
911 811 L€1 - - 801 121 | wot oL - . sy 1%
£>
w1 91 091 | 091 461 971 (zevzo| 121 901 051 971 sy g
1°L1 0°91 AR 0°¢1 | 0*91 |ov9r [(o*9r)s*z1| 0°o1 o1 0°L1 0°91 1 o1 ‘Y3
£
221 6€1 891 091 ¢H1 0zt (9z1)zw1| ot11 L0T ov1 0z1 sy Mg
n
€71 691 191 oLt 091 0c1 | =(ve1)ev1| sz1 (11 06T €T sy "y
AL¥3d0¥d
) 0°1 0 c 1-81°0]s.°-81°q 0°1 790°0 | ¢°0 0 Z-81°0 | %-81°0 | NI/SSTNIDINL
SNILSVO | ONIDWod VI ILvid | 31vid PNIISvo]  I3aAs  |aivid AVId qvid qAV1d 404
Vis Vis TVINAIVA
AY TSGZ* =OWZ-107 AR V1S v vNe v 1-1 A
-1V9-11 1727 -USZ-1V9-11 2-9-9-11 | #-9-11 | v-9-11 7-9-11 -z-9-11 | z-9-9-11 | v¥-9-11

RVi20¥d 1SEL QILINIT NO QESVE SANTVA NOISEA WAINVIIL °AX TTAVL

165



208
2z - L1 L L ve ¢z - ugh sy ¢y
o )
we 4e 62 9¢ 9z 4g L€ ce ugpn sy Oy
9
9°01 01 9°01 9°01 01 L°01 9°01 9°01 11 01 ‘73
d
96 - €9 86 - 96 Ly - sy ¢1%
.S
€9 96 e L9 89 99 8g 96 sy ¢
1°01 €01 0°01 2°01 €01 2°01 Z2°01 €01 13 01 g
e
19 96 2L 89 69 L9 66 LS sy ¢y
«M3
89 99 8L L1 LL L 69 69 sy ¢y
AL¥3dO¥d
[ uf 0°1 0°1 :wml..ﬁ 0°1 0°1 :M‘IL:HNI ZH\meZV_UHI.H
SNIDW0d — DNIDW0d IIVId IIvid ILVId IIVId TIVId ALVId W04
T €l1 16971 1691 1691 TC9¢ L1 16971 TE L1 TVISdIVA
050L 0L 050! Ry $L0L 050/ 7 0L
RV¥90dd 1SAl QILIAIT NO QASVE SANTVA NOISIA WANIWATV °*IAX ATV

166



considered for wing structures. Therefore, the annealed castings were

selected for several rib applications, i.e. specific designs.

The Ti-6-22-22 STA plate and forgings were the other new STA materials
which were evaluated. As stated in Volume III, the strength levels of these
test samples were lower than expected, probably due to poor cooling rates
during the solution treating. Even so, the Ti-6-22-22 STA was nearly equal

to Ti-6-4 STA in strength and S-N fatigue and better than both Ti-6-4 STA
and Ti-6-6-2 STA in fracture toughness and fatigue crack growth rates. The

Ti-6-22-22 STA has higher strength than Ti-6-4A with better fatigue crack
growth characteristics and slightly poorer fracture toughness. For applica-
tions requiring high strength and good damage tolerance the Ti-6-22-22 STA
appears to be a promising new alloy and was selected for use as forged ribs
and as an upper wing skin material. Further evaluation of the heat treat-
ment, i.e. forced air cooling, and the resultant properties should be evalu-

ated to fully realize the potential of this new alloy.
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7. MANUFACTURING RESEARCH AND DEVELOPMENT

Manufacturing Research and Development engineers have worked with the
Program Team from the start of the project. Manufacturing support and effort

was centered in the following:
e Consultation on manufacturability of engineering designs.

e Analysis of the impact on manufacturing methods and processing

requirements for the newly-developed alloys of aluminum and titanium.

e Analyzing the impact on manufacturing of the newer design concepts of
precision forgings and net castings from some of the newly-developed

aluminum and titanium alloys.
e Creating manufacturing plans for the various wing concepts,
e Participating in concept merit ratings.

e Manufacturing has taken a positive approach on some of the concepts
in the fact that new emerging manufacturing techniques do not have

a clearly defined path for accomplishing some of the tasks.

Engineering designs of the various proposed wing design concepts were
reviewed for producibility capabilities within Northrop and industry special-
ists in the associated fields. Process development requirements have been
identified. Specific development areas for the three primary wing concepts
are described below and also identified in Figure 56 (Full Depth Honeycomb),
Figure 57 (Aluminum/Titanium Welded, and 58 (Aluminum, 6 Spar).

a. Machining

The machining of skins from 6A1-4V, 6-22-22 Titanium in the #MA and STA
conditions will require development programs to establish cutter geometry,
speed and feed rates to eliminate warpage. The newly-developed aluminum
alloys should require very little change from current machining techniques

but need to be verified.

b. Forming

Vacuum creep forming of 6Al1-4V and 6-22-22 titanium skins in the #MA and
STA conditions will require the development of time, temperature and pressure
cycles that will form the skins and maintain physical and mechanical

properties,
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Current forming techniques should be satisfactory, with minor changes,
to form the skins made from the newly-developed aluminum alloys. However,

verification of manufacturing techniques is required.

c. Castings

Net casting of titanium will require development and testing programs
to establish data to provide criteria for establishing porosity acceptance
levels, acceptable dimensional tolerances, surface finish and straightening

techniques.,

d. Precision Forging

The isothermal precision forging for titanium parts of the complexity
and size considered will require the development of facilities and equipment
to maintain constant precise die temperatures to maintain size and shape of

the finished articles.

Precision forging of aluminum is an established process for currently-
used alloys. The newly-developed aluminum alloys will require verification

of the manufacturing technique.

e. Adhesive Bonding

Adhesive bonding of aluminum core to titanium skins will require further
development of adhesive and surface preparation systems to assure durability
of the bonded assembly to be compatible with increased life expectancy. Pres-
sure application and cure cycle time and temperature requirements will be

established during the further development of the adhesive system.,
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8. QUALITY CONTROL AND NDI

An important factor relating to the design and manufacture of aircraft
structures of high integrity and reliability, is the development of a Quality
Assurance Program encompassing the entire product cycle from raw materials
through operational service. This comprehensive quality control plan must be
implemented for all fabrication, and must include all operations from
production of raw material through the final assembly. Critical operations
and process variables would be defined, characterized and documented for

inclusion into the process controls and detailed manufacturing plans.

The role of NDI in this inclusive quality control plan, includes receiv-
ing inspections performed on incoming raw materials (precision castings,
forgings, etc.) to assure that quality of materials for manufacturing
processes meet all defect acceptance standards, in-process NDI to assure
that no defects or flaws are introduced during the manufacturing sequence of
operations, in-service NDI to assure that structural degradation has not
been introduced during in-service operations and that flaw growth can be
monitored. NDI must consider evaluating or monitoring the product at almost

any stage of manufacture and/or service operation to confirm integrity.

Investigation of NDI techniques and limitations has considered the
defects applicable to various wing design concepts. Feasibility studies
were formulated as an integral portion of the preliminary engineering and
manufacturing development programs to obtain pertinent data in a timely
manner. These data consisted of engineering requirements, critical levels,

material types and configurations.

Quality Control's investigation of NDI method capability and techniques
must consider several types of defects: (1) detection of defects in adhesive
bonded components; (2) detection of cracks and crack propagation in details

such as spars, ribs and other supporting structures.

Evaluation studies were also conducted on in-house NDI equipment to
determine capability or requirements for modification. It was intended
that the in-house ultrasonic equipment be utilized as a method of measuring
fatigue crack growth. Ultrasonic techniques, whereby a change in crack

length of .005" can be detected, have been reported in technical literature.
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A section of an F-5 wing was obtained to prepare NDI test specimens.
Included in the test methods were eddy current, ultrasonics and eddy sonics
for the detection of the simulated cracks in fastener holes. Radiography
and eddy current were used for crack detection capability in the ribs and
spars. Other tests consisted of an evaluation of a conductive material
applied to the spars. It is anticipated that this technique may be useful

for crack detection.

The use of radiographic image enhancement was investigated. The
increase in crack detection sensitivity as compared to the normal X-ray
film is quite large; however, additional studies are required for justifica-

tion of this costly process.

A test panel, consisting of titanium skins bonded to honeycomb core
with a 3-ply graphite prepreg bonded to the exterior surface of one face
skin, was submitted for high resolution ultrasonic tests. These tests were
conducted to establish the best useable frequency ranges for this type of

construction. Results were not conclusive.

Ultrasonic pulse echo tests were conducted on diffusion bonded titanium
honeycomb sandwich panels. The honeycomb core contained known defects such
as removal of one cell wall, and a .125 inch gap machined across the panel
and various other size defects. The titanium skin was 0.016 inches thick.
Other tests with a panel having a skin thickness of 0.040 inches resulted
in comparable definition of core defects. High resolution pulse echo tech-

niques were very successful.

The establishment of inspectability guidelines and constraints, includ-
ing accessibility requirements, and the influence of material selection has
been a major effort of Quality Control. As an active member of the Program
Team, coordination with the Design Group has been very close. Inspectability
of each design concept was assessed and an approach was developed which will
assure that NDI techniques capable of realizing the greatest possible
sensitivity would be available for the selected configurations. The
necessity of developing new NDI techniques is not anticipated. Existing

techniques can be adapted for application.
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Based upon literature surveys, related industry visitations and
Northrop's in-house research, a tabulation of NDI methods that are currently
applicable and others with potential applicability for NDI of the wing

structure are as follows:
TABLE XVII. NDI METHODS

Bonded Structures

In-Process Methods In-Service

Yes Eddy Sonics Yes

Yes Resonant Frequency Yes

Yes Through Transmission No

Yes Neutron Radiography P
Thermal P
Sonics P
Low KV X-Ray P

Yes Optical Holography P

Forgings and Castings

Yes High Resolution Ultrasonics

Yes High Resolution Penetrants

Yes Acoustic Holography P
Yes Fastress

P Eddy Current

Magnetic Rubber

Fixed Permanent Transducers
Conductive Paints

Crack Wires

Fatigue Gage

Fiber Optics

v ™ W W W Y U O

P Acoustic Emission

Legend: P Potential Application
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A brief study has been accomplished of the requirements for demonstrat-
ing the quantitative limitations of the various NDI methods for production
use. Examination of magnetic particle, penetrant, ultrasonic and radiographic
inspection emphasized the need for using actual structural parts in the
demonstration in order to simulate as closely as possible the production
environment. It has been further recommended that a rating system be
established that recognizes the variability of the ease of detection of
defects of the same size. Location, orientation and alloy differences must

be taken into account by the statistical ratings.

NDI survey visits were made to various aircraft companies, commercial
airline maintenance depots and military installations for the purpose of
reviewing and discussing NDI methods and techniques that could be applicable
to the Advanced Air Superiority Fighter Wing Structures Program.

With the exception of techniques utilizing a magnetic rubber material
and an automated eddy current method for crack detection in fastener holes,
no other applicable new NDI methods or techniques were observed in use.
However, most survey areas were investigating new NDI methods which were
still in the development laboratory stage. Methods indicating future
potential included: Acoustic Emission, Video Processing by Data Suppression,

and Ultrasonic Spectroscopy.
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9. COST ANALYSIS

The cost analysis for this program is an integral part in the design
decision process for recommending designs to be developed in the follow-on
program. As such, the cost estimates were developed from preliminary manu-
facturing plans and engineering drawings. Close coordination was maintained
among the cost analysis, engineering and manufacturing disciplines through-
out the study. Cost estimates were developed and iterated as design im-
provements were made or as new information about manufacturing technology
became available. The three basic estimating specialties called on in
this study were: Factory, which supplied standard factory labor hours;
tooling, which estimated the nonrecurring tooling hours; and materiel,
which estimated production material costs. All these specialists coor-
dinated with design engineering, weights, cost estimating, and manufac-

turing engineering, and were in frequent contact with each other.

As a result of the combined effort of these disciplines, cost estimates
were developed for eight wing structural concepts and the baseline. The

discussion of the cost data is in five parts:

1. Methodology of cost determination

2. Ground rules for the cost estimates and cost projections
3. Cost comparison of interior spar designs

4, Cost comparisons between various design concepts

5. Sensitivity analysis

a. Methodology of Cost Determination

To perform the cost comparison of the advanced composite structure
designs with the conventional baseline, a uniform cost structure was
developed. It forms the framework for the detailed plan by which each

and every factor contributing to the cost of a structure will be estimated.

(1) Uniform Cost Structure

The cost element structure provides a rational breakdown for the collec-
tion and presentation of cost data. It standardizes cost elements for

estimation, validation, and comparison. A standard set of cost element
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definitions eliminates the need to redefine terms or explain common factors

when analyzing costs. It also serves as a checklist to assure that signifi-

cant cost elements have not been overlooked.

The cost element structure is shown in Figure 59. A brief descrip-

tion of each of the cost elements follows.

(a) Recurring Costs

Costs incurred by all departments for their repetitive and sustaining

effort associated with and in support of the delivery of the product.

(b) Recurring Labor-Factory

The costs associated with factory labor include the manufacturing hours
for operations such as machining, processing, bonding, assembly, and final
fabrication. These basic factory operations make up the initial cost
elements for any hardware items manufactured in a production environment.
Direct factory labor estimates are developed from total detail time stan-
dards basic data for set-up and run. Set-up time is the time required to
prepare to do work. It is prorated over lot size. Run time is the recur-

ring time per unit.

(c) Recurring Labor-Support Functions

The cost elements that make up support functions include sustaining

engineering, manufacturing engineering, graphic services, tooling maintenance,

and quality control. The costs associated with these elements are derived
as percentages of factory labor. The percentage relationships have been
developed from the substantial historical data collected on T-38/F-5 air-

craft by correlating support function costs with the factorylabor.

(d) Recurring Costs — Material

There are three basic recurring material costs. They are (1) raw
material, (2) allocated material, and (3) those materials that are pur-
chased off-site such as castings, forgings, specific machined parts, and

any other specialized part fabrication not available at Northrop.

The raw material is defined as the material that is purchased specifi-

cally against each individual detailed drawing that is used to make up
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a complete assembly. The allocated material costs expressed as a percentage
of factory labor dollars, account for items such as rivets, nuts, bolts,

adhesives, etc.

Additionally, in developing the total recurring material cost estimates,
costs of recurring material for tooling and engineering must be considered.
These are expressed as a percent of recurring tooling labor dollars and

engineering labor dollars respectively.

(e) Non-Recurring Labor

Non-recurring labor cost elements consist primarily of tooling, planning,
quality control of tools, engineering design and test. The bulk of non-
recurring factory labor is used to produce tooling. The number of tools
required for each configuration was determined by an examination of the

manufacturing statement of work and the engineering drawings.

(f) Non-Recurring Material

The non-recurring material costs incurred are related to the manufac-
ture of tools and non-production manufacturing and engineering test
materials. The tooling material is estimated as a percentage of non-
recurring tooling labor dollars, based on historical data. Special
detail estimates may be necessary if the tool is untypical or has

special requirements.

(2) Estimating Methodology

The three basic methods used for cost estimating are the parametric,
analog and industrial engineering standards approaches. The first, para-
metric, is defined as using a statistically valid sample size and statistical
techniques to develop a model of cost estimating relationships based on phy-
sical parameters of the product as the independent variables and cost as the

dependent variable.

Analog estimating requires a judgment that certain aircraft parts,
or manufacturing times to perform certain operations, are like others in
a direct or proportionate relationship. Thus, the time to drill a hole

in aluminum is proportionate to the time to drill one in titanium and
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historical data (time standards) on drilling holes in one titanium part can
be used directly in estimating the time to drill holes in other titanium

parts.

The basic steps in cost estimating with these approaches are as

follows:

1. Determination of the basic assumptions and constraints pertaining
to the part or process to be estimated. This is fundamental to
the accuracy and reliability of the estimate. 1If all pertinent
data is not available to the estimator, parts of the estimate

may be distorted or certain costs may be omitted entirely.

2. Selection of the estimating approach - parametric or analog.
This will depend on the data available and the degree of
detail design available in the part or component being

estimated.

3. Application of the estimating approach and improvement curves
theory. Improvement curve theory in general use in the aero-
space industry states that as total quantity of units produced

doubles, unit cost declines by some constant percentage.

4. Application of labor rates and burden factors typical of

industry experience.

5. Summarization of the estimate with the cost structure described

above.

At Northrop, in estimating new technologically advanced components,
detailed part cost estimates are developed using Industrial Engineering
Time Standards. These standards represent the time required to perform
an operation under ideal conditions. They are developed by industrial
engineering methods and do not allow for fatigue, worn tools, and other
time-consuming factors. The standards on an operation-by-operation basis
are the foundation of the labor hours estimate to which a variance is
applied. This adjusts the standards (ideal conditions) to realistic
conditions. The variances reflect actual history for the fabrication
and assembly of various types of end items and include provisions for

learning, methods improvement, fatigue and other considerations.
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b. Ground Rules for Cost Estimates and Cost Projections

For Concepts 1, 3, 4, 5 and 8, detail cost estimates were developed
using the industrial engineering time standards approach. In order to com-
pare the relative costs of the baseline and each of the new concepts on a

one-to-one basis, the following set of ground rules were applied:

l. Quantity of 300 units in production with a full complement of

production tools.
2. Set-up time prorated over 25 units.

3. A typical industry composite improvement curve of 79 percent with

a variance factor of 1.45 at TIOOO'

4. Material costs based on a parametric estimate derived from the
titanium quotes supplied by vendors. Those specific parts,
quoted on by vendors, were estimated at the price specified by
the potential supplier. All material costs are based on a 100
shipset buy.

5. Both labor and material escalated to 1977 dollars

6. Labor and burden rates typical of industry as follows (in 1977):

Engineering Labor $8.82 per hour
Graphic Services $6.30 per hour
Tool Design & Fabrication $6.93 per hour
Manufacturing Engineering $7.56 per hour
Factory fabrication $6.30 per hour
Quality Control $7.56 per hour
Engineering Burden 130%
Factory Burden & Fringe 150%
Material Burden 20%
G & A 20%

7. Recurring Support labor hours are directly related to recurring

factory labor hours in the following ratios:
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Engineering Liaison 20% of factory labor hours

Graphic Services 4% of factory labor hours

Tooling Maintenance 15% of factory labor hours
Manufacturing Engineering 157% of factory labor hours
Quality Control 15% of factory labor hours

8. The'non-recurring costs are for tooling only and are amortized
over 300 units. The aforementioned ground rules are applied to
both the baseline and each of the new concepts to compare the

relative costs on a one-to-one basis.

9. 1In preparing the cost estimates, consideration was given to the
expected advancement in the state-of-the-art in titanium tech-
nology by 1977. For estimating purposes, the following assump-

tions were made for technological progress:

a. The titanium cleaning procedures, bonding procedures, and
materials, would have been fully tested (under other de-

velopment programs).

b. All titanium forgings (pressings) and castings will require
machining only on the mold line surfaces and other areas

where attachment to adjacent structure occurs.

c. All titanium forgings are net and machining is only required
where necessary to remove material which has been added to
eliminate die lock.

d. All plate stock for skins will have a minimum of 0.125"

material removed on each surface.

€ Production techniques and precision castings, forgings, not
currently available will be obtainable in 1977, at the prices
quoted by the vendors.

To project the costs for the time standards basic data using these
ground rules, a simple computer program was developed. A sample computer
printed cost sheet showing labor hours, labor rates and dollar figures
is displayed in TABLE XVIII which is the cost data for Concept No. 1 - Ribs,
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TABLE XVIII, COMPUTER PRINTED COST SHEET FOR CONCEPT NO. 1 - RIBS

CONCEPT NO. 1 - RIBS

CATEGORY

ENGINEERING

GRAPHIC SERVICES
SUBTOTAL ENGINEERING
ENGRG. OVERHEAD-130%
TOTAL ENGINEERING

TOOL DESIGN AND FAB.

MFG. ENGINEERING

FACTORY

QUALITY CONTROL
SUBTOTAL FACTORY
FACTORY OVERHEAD-150%
TOTAL FACTORY

ENGINEERING MATERIAL

TOOLING MATERIAL

PRODUCTION MATERIAL

ALLOCATED MATERIAL
SUBTOTAL MATERIAL
MATERIAL OVERHEAD-20%
TOTAL MATERIAL

ADMIN. OVERHEAD-20%

TOTAL COST

36.60
36.60
244,00
36.60
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7.56
6.93
6.30
7.56

TOTAL $

430.42
1.4
491,90
639.48
1131.38

276.70
253.64
1537.20
276.70
2344.23
3516.34
5860.57

0.43
41.50
11846.00
153.72
12041.65
2408.33
14449,.99

4288.39

25730.33



c. Cost Comparison of Interior Spar Designs

A cost comparison of sixteen interior spar designs was conducted pre-
viously to choosing the interior spar design used in Concepts 3, 3A, 4 and 5.
The spar design chosen was the titanium sine wave formed spar which is .
twice as costly as the baseline on a cost per unit basis for 300 units. This
particular spar design (#1Ti as shown on Figure 8 ) was chosen primarily

because of its comparatively low cost-quantity relationship to the baseline.

The cost analysis which contributed to the selection of the titanium
sine wave formed spar design was conducted using the same ground rules dis-
cussed in the previous section. Detailed cost estimates were developed on
all sixteen proposed interior spar designs. The cost of each design was
then compared with the cost of a typical interior spar (27% spar for this

comparison) currently used in the F-5E wing box.

To establish a cost-quantity relationship, the cost per unit was pro-
jected for 1, 25, 50, 100, and 300 units. A group of normalized cost curves
are presented in Figures 60 through 63 to clearly display the variations in
cost-quantity relationships of the spar designs.

Only four curves were included per figure to facilitate clarity of the
presentation. The normalized cost curve for each spar design is determined
by dividing each spar cost by the baseline for quantities of 1, 25, 50, 100,
and 300 units. Thus, the baseline normalized cost curve is 1 for all
quantities and the behavior of the cost of the various designs can readily

be compared.

Typically with increasing quantity, the normalized cost curves either
diverge from or converge on the baseline. Labor and tooling costs diminish
with increasing quantities of production causing total costs to decline.

The impact of the improvement curve and tooling amortization is shown in
Figure 64. The production (recurring) material cost remains relatively
constant for each unit and proportionately dominates the cost of a spar
design at larger quantities. Those spar designs with normalized cost curves
that diverge from the baseline (see Figure 8 , spar design #3Ti) exhibit
production material costs approximaﬁely 16 times the baseline production

material cost; and the spar designs with normalized cost curves which
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FIGURE 62. NORMALIZED COSTS FOR SPAR DESIGNS (Continued)
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FIGURE 63. NORMALIZED COSTS FOR SPAR DESIGNS (Concluded)
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converge on the baseline (see Figure 60, spar designs #1Ti) have production
material costs of approximately 2 times the baseline production material

costs.

The total cost of those spar designs with high production material
costs (see Figure 60, spar design #3Ti) become dominated by the material
costs at relatively low quantities of production. Therefore, the decline
in total cost is much slower, flattens out at much higher per unit cost, as
compared with those designs with low production material costs (see Figure
60, spar design #T1 and baseline); hence, the normalized cost curves of

the two types of designs diverge (see Figure 61) with increasing quantity.

Those curves which cut beneath the baseline represent spar designs
which become less expensive to produce than the baseline at and beyo.d the
quantity where the normalized cost curve passes beneath the baseline (see

Figure 64, spar design #1Al and Figure 63, spar design #7Al).

As compared to the baseline, eight titanium spar designs become more
expensive to produce with increasing quantity and four titanium and four
aluminum spar designs become less expensive to produce at greater quantities.
The results indicate that titanium spar designs are more expensive than
aluminym, but there are titanium designs that approach the baseline from a
cost standpoint. When combined with the weight advantage of titanium, these

designs may become competitive with those of aluminum,

d. Cost Comparisons Between Various Design Concepts

Using both the assumptions on the technological advances and the ground
rules for cost projections, the cost/unit for 300 units was established for
each of the new concepts. Since all concepts are being compared against the
baseline, the costs of all other configurations utilized the baseline cost
as the common denominator. Thus, each of the concepts could be expressed in
relative terms when compared either to the baseline or to each other. The
results of the relative cost comparisons are summarized in Figure 65. For
example, the baseline concept is 1.00 by definition, while concept No. 1 is
1.28 or 28% higher than the baseline, concept 1A is .85 or 15% less than
the baseline, etc. Table XIX is included to show the breakdown of cost for

189



1.62

0.87

V8# LdIONOD

0.75

8 # LdIONOD

1,56

S # LdIONOD

¥# LdIONOD

1.38

Ve€# LdIONOD

1.37

€ # LdIONOD

0.85

Vi# LdIONOD

1,28

T# LdIONOD

=
—

N\N\\\NRNNNRNRNNEEEL

1.80 ¢

A A
v L

IERE

160 +
140 +
1.20 ¢+
1.00 +
.20 $

LS00 ANITASVLE /LSOO LdIONOD

190

FIGURE 65. SUMMARY OF RELATIVE COST FOR VARIOUS WING BOX CONCEPTS



(18°0)
150°¢8L z6S°¢L 608°8 L61°C1 819°¢C1 (WA A% 879¢h1 Z1L°81 ve #
(SL°0)
LEVCL9 Z6S°¢L £09°¢9 L61°C1 902y SLYeE 879w 1 Z1L¢81 8 #
(96°1)
T0Z°6€1 VIS A 90€°S 8€T°Z1 1€6°1C 081°91 66L°8C €IE“6E G #
(29°1) .
966G ‘%71 LIRS T GZ9°s IxARAl €80°€T 96,91 168°6C 996G ‘1% v
(8€°1)
S TA YA 0L?¢1T G8h 01 L22°01 TL0°ST (WA M5 €€T 82 L8T % Ve #
(LE°1) aedg-9
697221 VAVARA 889°9 L22°01 T1L0°ST (WA A eveze YA XAES TL/1V € #
(s8°0)
L86°SL 8ES¢Z1 0196 %658 902 ‘Y Sihée %#89°91 088°0¢ A
(g8c° 19 quod4£3uoy
616711 8€G°¢Z1 019¢6 A 111 Gse‘s 0€L°ST 690°z¢ *a’d 1 #
(00°1)
CIv ‘68 6S0°L %019 7658 LShEE 9€0°¢€ Z90°¢1¢ €01°¢0€ aurTaseq
TV1OL HNITOO0L ATINASSV OSIN SNIMS SNINS sdI¥ SAVdS LdAONOD

*OTANON YAMOT yaddn

(SYVTION LL61) SLINA 00€ ¥0d IINN/LS0D °XIX ATAVL

191



the major components (spars, ribs, etc.) for each of the concepts considered
in Figure 65. The data presented in Table XX represents detailed cost break-

downs for the baseline and the three selected concepts.

To more clearly delineate the underlying factors for the cost differences
exhibited in Table XIX, a breakdown of the major components and the nature of
the material comprising them is displayed in Table XXI. The factors causing

the cost differences are discussed below:

Concept 1 is a full-depth honeycomb design, featuring titanium skins
and aluminum core. Both the spars and ribs are slightly less expensive
than the baseline because both are precision forgings and castings which
reduce the machining labor costs of the ribs and spars dramatically
(see Table XX ). The major cost differential is found in the skins which
are titanium and are roughly four times as expensive as the aluminum skins.
The miscellaneous items (panels, doors and hardware) are more expensive
than the baseline because of a graphite composite aileron access door and
precision cast titanium aileron hinge. (These two features are common to
all of the concepts). Assembly costs are higher than the baseline, because
both bonding and riveting are required. The total effect of these items

is a 28% increase over the baseline.

Concept 1A is similar to concept 1 except that the spars and ribs are
precision forged aluminum and both skins are aluminum. This change from
titanium to aluminum results in a 15% reduction in cost over the baseline

compared to a 287 increase for concept 1.

Concept 3 is a six spar concept with precision forged titanium
exterior spars and titanium sine wave sheet spars, titanium root and gear
ribs, and titanium lower skin. The assembly requires riveting as in the
baseline and is slightly higher because of the increased difficulty in
drilling titanium. The concept is 37% more costly than the baseline

as a result of the titanium spars and lower skins.

Concept 3A is a design featuring an aluminum upper skin, a titanium

lower skin and substructure. Welding is used extensively in attaching the
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lower skin to the substructure. This characteristic makes Concept 3A
the most expensive assembly of all the designs (see Table XIX)e The major
item resulting in the 38% increase in cost over the baseline is the material

cost of the titanium lower skin and spars.

Concept 4 is a five-spar design which is 627 more expensive than the
baseline primarily because of substantially higher material costs in both

lower and upper titanium skins.

Concept 5 is a four-spar design very similar to concept 4. The reduction
in the number of interior spars and in the number of pans and cores in the
skins results in the cost being 567 higher than the baseline compared to a
62% increase in #4.

Concept 8 is an aluminum design, somewhat similar to the baseline,
but featuring sine-wave interior spars and titanium tip and gear ribs.
This concept is the least expensive of all the concepts, showing a 25%
cost reduction below the baseline, as a result of the major cost savings
realized in the spars and ribs. Both components are aluminum forged net
(no final machining required), hence, labor costs are four times lower
than the baseline. The baseline requires a considerable amount of

machining time on the conventional aluminum forgings and extrusions.

Concept 8A is similar to concept 8 except for a much thicker lower
aluminum skin. This results in only a 137% reduction in cost compared

to a 25% reduction over the baseline for concept 8.

e. Sensitivity Analysis

Sensitivity analysis is a method of evaluating the impact of a change
in one parameter on the total result while holding all other parameters
constant. This approach can be iterated several times to develop a
ranking of the most significant variables. This provides a tool used in
decision making under conditions of uncertainty. The results of the cost

analysis form the foundation for the application of sensitivity analysis.
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Sensitivity analysis was performed to quantify the impact that changes
in the value of significant cost elements have on total costs. Two
analyses were conducted to ascertain the effects that significant alterations
in labor hours and production material costs have on the cost rankings
of the three designs chosen for further study in the follow-on program --
wing boxes 1, 3A and 8. Labor hours were varied within a range of -25%
to +25% of the expected level and material costs were varied within a

range of -407 to +407 of the original estimates.

The results of the analysis appear in Figures 66 and 67 which show
a near-linear relationship between both changes in labor hours and
production material cost to change in total cost. For example, + 25%
change in labor hours results in a + 107 change in total cost for concept:
1 and 3A and a +14% change in total cost for concept 8. Because labor has
a greater impact on total cost of this concept than it has on any of the

other concepts, concept 8 shows the highest sensitivity to labor.

The total cost of concepts 1 and 3A is affected proportionately much
more by material cost than concept 8 because both of these concepts
contain a higher percentage of titanium. As a result, a corresponding
25% change in production material causes only a + 11 percent change in
total cost for concept 8 and a + 15% change in total cost for concepts 1 and

3A. Thus, concepts 1 and 3A are most sensitive with regard to material cost.

Future trends in the titanium industry indicate slowly rising prices
in the foreseeable future. However, the possibility exists that advances
in manufacturing techniques will materialize in addition to those
enumerated earlier. Thus, the total cost of concepts 1 and 3A may possibly

be reduced by lower labor costs through advanced technology.
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10. WEIGHTS ANALYSIS

Table XXII summarizes the structural weights for each of the eight
advanced wing designs studied during this program. For comparison, the
corresponding weights of the baseline production F-5E wing structure are
included. Weight increments (A weights) necessary to increase torsional
stiffnesses to the levels required for aileron effectiveness (see Section
I11.3) are also shown. The lightest design based on strength, safe life
and damage tolerance considerations only is Concept No. 5, a 4-spar design
with titanium honeycomb panel wing skins. This design showed a 12.7 per-
cent weight saving over the baseline. After aileron effectiveness consid-
erations are included, Concept No. 1 is lightest with a 1l.4 percent weight
savings. This is the full depth honeycomb core design with titanium skins.
A detailed part-by-part weight listing is presented in Table XXIII.

All weights were calculated consistent with the in-depth preliminary
design study objective of the program. Particular care was taken to insure
that all methods used were directly compatible with those used for the base-

line F-5E, both in detail and in allowances for production tolerances.

Material volumes were determined using standard weight methods and
desk computer programs. Material densities were used from the SAWE

Weight Handbook(l)

, and from materials data presented in Sub-section IIT.6.
Fastener weight estimates took into account changes in grip length for each
concept and unit weights were obtained from vendor handbooks and from
Northrop's weights listings. Calculations were rounded off to the nearest
tenth of a pound for weights greater than ten pounds and to the nearest
hundredth for weights less than ten pounds. Totals were rounded to the

nearest pound.

In addition to the total concept weights shown in Table XXII, the
weights of two additional wing skin design concepts were also calculated
and compared with baseline. These are (1) the Ti-Borsic upper skin design
which investigated the compressive stability potential of this advanced,

high specific modulus material and (2) the titanium geodesic lower skin

(1) Society of Aeronautical Weight Engineers, Inc., Weight Handbook,
Volume 1, dated December 1968.
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which is a highly redundant, multiple load path fail-safe concept. Both

designs were sized for a 4-spar substructure. The Ti-Borsic upper skin weighed
224 pounds compared to the F-5E baseline upper skin weight of 203 pounds.
Ti-Borsic was used from the centerline to wing station 123. Outboard of

this station, the all titanium full depth tip similar to Concept No. 1 was
used. This design was largely stability critical on the 4-spar substructure.

A very brief study into the possible weights using a 6-spar substructure

indicated that the minimum weight could possibly approach that of the present
F-5E upper skin.

The geodesic titanium fail-safe lower skin design was studied from the
centerline to W.S. 93 where safe-life becomes the pacing design considera-
tion. Outboard, the monolithic titanium design from Concept 5 was used.
This lower wing skin design weighed 300 pounds versus the baseline lower
skin weight of 250. It too, was compressive and shear stability critical
for reverse bending conditions due primarily to the low net modulus of

elasticity inherent in the geodesic concept. A brief study indicated that

the weight of this design inboard of W.S. 93 could also approach the present
baseline weight if a 6-spar substructure were used. In this case, safe life

rather than reverse bending stability is the pacing factor.
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SECTION IV

RANKING OF CONCEPTS

Upon the completion of the weights and cost analyses, a concept ranking
exercise was held.e The weighting factors are as shown in Table XXIV

and the definition of terms are as indicated on page 211.

All terms were graded on a scale of 1.0 to 10.0. For example, with
respect to weight, the lightest scores 10.0 and the heaviest scores 1.0, ir-
respective of whether or not it is heavier or lighter than the baseline de-

signe

A concept, designated as 6/7, comprised a Ti-Borsic upper skin, a geo-
desic lower skin and a four-spar titanium substructure. Although this concept
scored very well (4.70) in the areas of "technology development,! "integrity"
and "ilities," it was eliminated from further consideration because a prelimi-

nary analysis showed that it weighed more and was costlier than the baseline.

The three chosen concepts were:

No. 1 - Full depth honeycomb with titanium skins
(This scored the highest on the rating chart)

No. 3A - Aluminum/titanium 6-spar wing with extensive use of welding
on the bottom skin (This scored the second highest on the

rating chart)

No. 8 - Aluminum 6-spar wing (This scored third highest on the
rating chart)

Although Concept No. 1A (Full depth honeycomb with aluminum skins)
scored a tie with Concept No. 8, No. 1A was eliminated because it is a vari-
ation from No. 1, and does not offer the cost and weight savings represented
by No. 8.
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Merit Rating System

Definitions

1.
2.
3.

4e

5.

6.

7.

8.

9.

10,

11.

12.

13.

14,

15.

Lost - The cheapest scores 10, the most expensive scores 1.

Weight - The lightest scores 10, the heaviest scores 1.

Concepts - The extent to which a new concept differs from the baseline.
The most radically different concept will score 10, the baseline will
score 1, and the balance will lie in between these two.

Manufacturing - The extent to which new manufacturing techniques are used
relative to the baseline. The concept incorporating the highest percent-
age of new techniques will score 10, whereas the baseline will score 1.
The balance will lie in between.

Materials - The extent to which new materials are used with respect to the
baseline. The scoring is as in (3) and (4) above.

Fracture - The extent to which fracture analysis has been used in the over-
all analysis of a new concept.

Static - A measure of the excess static strength over the minimum require-
ment.,

Fatigue - A measure of the excess fatigue strength overthe minimum re-
quirement.

Safe crack - A measure of the excess damage tolerance strength over the
minimum requirement for a safe crack design.

Fail safe - A measure of the excess damage tolerance strength over the

minimum requirement for a fail safe design.

Inspectability - The degree to which a concept is judged to be inspectable

under in-service conditions.

Manufacturability - The ease with which a particular concept can be
manufactured.

Maintainability - The extent to which a particular concept is designed
with a view for system support requirements.

Repairability - This is generally a part of "maintainability", but is

shown separately in order to show the extent to which a particular design
is repairable. One factor taken into account is: how much "down time"
is involved?

Predictability - The extent to which confidence is held in the ability to

assess the overall structural integrity of a particular concept.
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SECTION V

CONCLUSIONS

The work performed under this contract shows that specific improvements
in the cost and weight of a typical structural wing box for an air superiority
fighter can indeed be obtained by combining advanced design concepts, mater-

ials, and manufacturing techniques.

The cost and weight summaries are shown elsewhere in this report for the

concepts studied:

Table XIX - Costs
Table XXII - Weights

The maximum cost saving shown is 25 percent, and the maximum weight saving

shown is 11 percent.
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SECTION VI

PAYOFFS

The benefits can be shown primarily as a result of improvements in the

two key parameters, cost and weight.

1. COST

If one considers the two figures, 9-6 and 9-7, in the "Quick-Look"

(1)

final report

68 and 69 in this report are developed.

, and replots them in a slightly different form, Figures

Next, considering Concepts 1

(weight saving of 11%, cost increase of 287%) and 8 (weight saving of 11%,
cost saving of 25%), the following is derived:

Concept 1 Concept 8

Incremental Flyaway Cost + 1,000 - 38,000
Incremental Life Cycle Cost - 4,000 - 108,000
Total per Aircraft - 3,000 - 146,000

If a production lot of 300 aircraft is considered, the following

savings are realized:

Concept 1

Concept 8

900,000

43,800,000

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural Concept
Study, AFFDL TR-72-98, dated July 1972.
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It can thus be seen that there is a large overall cost saving potential
in the case where the wing box itself experiences a cost and weight saving.
It is also of interest to note that an overall cost saving is possible, even
though the cost of the wing box itself increases, as long as there is a

sufficient decrease in the wing box weight, such as for Concept Number 1.
2. WEIGHT

If weight is the primary concern, then a weight saving can be trans-

formed into a performance increase.

Figures 70 and 71 show two possible performance parameters, turn
rate and maneuvering capability. The maximum realizable wing weight saving
on the concepts considered can be transformed into an airplane weight saving

approaching the smaller of the two shown on the two performance figures.
Both weight savings curves are shown in order to permit the reader to extrap-

olate the weight payoff with a higher degree of certainty. Nevertheless,

it is seen from both of these figures that a realistic weight saving in the

wing can indeed have a measured performance payoff.
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SECTION VII

RECOMMENDATIONS FOR TECHNOLOGY DEVELOPMENT

The following is a summary of work activities, which should be investi-
gated further, either as a part of the follow-on program, or as individual

research contracts.

1. Ti-Borsic strength data, with particular emphasis on fracture datae.

2. Manufacturing and design concept evaluation of Ti-Borsic.

3. A feasibility study on roll bonding a geodesic skin structure in
order to reduce costs.

4, Analytical methods and experimental verification for reliably pre-
dicting the strength and stiffness requirements of honeycomb core
to stabilize thick covers in full depth honeycomb structures in
bending.

5. Analytical methods and experimental verification for reliably pre-
dicting the failure modes, and external support stiffness require-
ments for relatively thin honeycomb panels with thick outer face
sheets and thin inner pan face sheets.

6. Experimental evaluation of the relative fatigue performance of
channels with corrugated webs and heel angles with flat flanges
mechanically fastened to heavy sheet or plate loaded in tension.

7. A program to establish cutter geometry, speed and feed rates to
eliminate warpage for Ti 6-4 and Ti 6-22-22 skins in both the BMA
and STA conditions.

8. A program for vacuum creep forming of the same skins as in 7. above.

9. A development and testing program on titanium net castings to pro-
vide criteria for establishing porosity acceptance levels, acceptable

dimensional tolerances, surface finish and straightening techniques.
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10.

11.

12.

13.

14.

A development program on titanium isothermal precision forgings to
investigate ways in which to control precise die temperatures to
maintain size and shape of the finished articles.

A program to further investigate adhesive bonding of aluminum core
to titanium skins in order to establish pressure application and

cure cycle time and temperature requirements.

Further development of reliable NDI methods for multilayer bonded
assemblies is required.

Development of criteria for high resolution ultrasonic inspection
of titanium wrought products and welds for structural application
is necessary.

Application of new X-ray technology to fatigue crack detection in

aluminum and titanium structures.
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APPENDIX I

CORRUGATED WEB SPAR STIFFNESS REQUIREMENTS

An analysis of the variation with buckle wave length of the buckling
loads of panels on line elastic spring supports is presented in Reference(1).
The results obtained there can be applied to the design of corrugated webs
provided the proper stiffness parameter for the corrugated web is substi-
tuted for the support spring stiffness. In the present analysis, this stiff-
ness parameter is derived and a method outlined for corrugated web analysis

or design. The nomenclature for this analysis is presented on page 228.

In order to utilize the results of Reference (1), the corrugated web
shown in Figure 72 is assumed to be idealized as a prismatic channel section
(Figure 73) with two flanges having the same thickness te and width f equal
to the average width of the corrugated web flange. The channel web is an

effective flat plate having average flexural stiffness (References (2) and

3

3
D _ Etw sin(;b
1 T 1200 -W @ (1a)
2
ER"t
D = w 2 _ 2 Sin2¢ ¢
2 ST .2 (}‘Jr COBP =% "0 ) sinp (1b)
3
. Bt é
3 12(1 +p) sind (1c)

(1) R.A. Anderson and J.W. Semonian, -Charts Relating the Compressive
Buckling Stress of Longitudinally Supported Plates to the Effective
Deflectional and Rotational Stiffness of the Supports, NACA TR 1202,
1954.

(2) D.H. Emero and L. Spunt, "Optimization of Multirib and Multiweb Wing
Box Structures Under Shear and Moment Loads,!" Proceedings Sixth AIAA
Structures and Materials Conference, Palm Springs, Ca., Apr 1965, p 330.

(3) S. Timoshenko and S. Woinowsky-Krieger, Theory of Plates and Shells,
2nd Ed. McGraw-Hill Book Co., Inc, 1959, pp 364-368.
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NOMENCLATURE FOR APPENDIX I

tf flange thickness

R radius of centerline of corrugation

14 maximum slope angle of corrugation

B Poisson's ratio

E Young's modulus

Df flange flexural stiffness

D,, D,, D4 effective flexural stiffness of equivalent orthotropic plate
f average flange width to edge of fastener

b plate width between webs

Dh panel flexural stiffness (isotropic panel)
d web depth

Mo amplitude of moment between flange and web
A buckle half-wave length

A,B,C,D constants of integration

a' moment-rotation ratio for web

tw corrugated web thickness
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Then the approximate analysis of Reference (1) yields the extensional

stiffness parameter for the channel section as

b 12 D /p) De
= S D \f o't (2a)

~ £
D = T2 -1 (2b)

(1) R.A. Anderson and J.W. Semonian, Charts Relating the Compressive
Buckling Stress of Longitudinally Supported Plates to the Effective

Deflectional and Rotational Stiffness of the Supports, NACA TR 1202,
1954,
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1. TORSIONAL RESTRAINT OF CORRUGATED WEB

The equation for the deflection of an orthotropic plate under edge
loading is given by Reference (1)

o*w 8w o
Proxt ¥ Wygmpe + D, 500 d (3)

The plate is assumed to be infinitely long and is prevented from <

deflecting along both long edges. At one edge a bending moment
M = M sin — (4)

is applied; the other edge is either free to rotate or is completely
prevented from rotating ( Figure 74).

Let the deformation pattern be described by

w = g(y) sin I% (5)

where, from equations (3) and (5), g(y) satisfies the equation

a'g n\y o &g 4 (x)
D, dy 4 - Z(X) D, ar: +(7\) D'g = 0 (6)

The value of @' to be used in conjunction with equation (2a) is derived below
under the assumption that axial forces in the corrugated web are negligible
due to the axial extensional flexibility of the web.

(1) s. Timonshenko and S. Woinowsky-Krieger, Theory of Plates and Shells,
2nd Ed., McGraw-Hill Book Co., Inc, 1959, PP 364-368.
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The solution of equation (6) may be written as

g = e-a; (A cosﬁ; + B sin[;;) + ea;; (CcosB; + Dsinﬂ;)

with A, B, C, D constants of integration and

<
>

The boundary conditions are

w =20
w Mo ™
g? = - F; sin ._k-

w=a‘? = 0
or
- v =
w = By 0

R
]
N
—
R I_U
H
S
~
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at y = d. Alternately these conditions may be written as

2 M A\
- d4e 4 o0 = 0
g = = - = (9a)
dy? r°D, .
at y = 0 and
2
g = gy, = 0 (9b)
or
g - g-% - 0 (9¢)
- e 3 e m
at y d = x
In the case of a simply supported edge, the conditions lead to the
equations

A+C= 0 - (10a)
M a2
208(D - B) +=9— = 0 (10b)
D2
-ad s . od _ -
e (A cospd +B singd) + e (CcosBd + Dsingd) = 0 (10c¢)
-ad, = od - =
e (AsinBpd—Bcospgd) + e (Csingd — Dcospd) = 0 (104)

In the case of a clamped edge, equation (10d) is replaced by
-ad = - -
e [(acosﬁd + B sinBd)A + (asinpgd - BcosBH)B]
d [(acosp& — B sinBd)C + (a sinpd + 3cospa‘)n] = 0

(IOe) *

The solution of the two sets of equations may be readily obtained as
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_ 2
sin2pBd MoA

& = e cosh 2ad — cos2pBd 4T B D, (11a)
= 2
— e2czd —cos2B8d Mo A (11b)
cosh 2ad —cos2 gd  4magD,
2
B = cos 28d — e-zaa- Mok (11c)
cosh 2ad — cos2B8d ~ 4mapD,
for the simply supported edge, or
2
A
A = -C = a(l - cos 28d) s (12a)
Bsinh 2ad — a sin 28d 4mapD,
- 2
_— B(ezad — 1) —asin 28d M0x (12b)
Bsinh 2ad — asin2fBd 4m2a8D,
-20d M A
B asin 28d —B(1 - e ) o (12¢)
Bsinh 2ad — asin2Bd 4mapD,
for the clamped edge.
The quantity a'is defined as
1 M
a = (—df/d—)— (13)
y y =0

The use of equation (7a) and either equations (11) or (12) in equation (11)
then yields

1_ D cosh 2ad — cos 28d
o T Sioh 2ed  sin 253 (142)
20d 28d

for a simply supported edge, or
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sinh 2ad sin 28d

1 D 204 - 28d
g= T lecah 2ad -1 _ 1 - cos 28d (14b)
(2ad)* (2pd)?

for a clamped edge.

For small values of d (Alarge), equations (l4a) and (14b) become,
respectively,

o'~3 D,/d (15a)
d~4 D, /d (15b)

which are identical with the results for a supported beam subjected to a
moment at one end and simply supported or clamped at the other end. For

large values of d (Asmall), equations (l4a) and (14b) both become

2 . j = 2Ta
o' ~ 3 2ad = b, (16)

Values of a'for both cases are shown in Figure 75 for the case when

- 4
\/D;D, > D, in which case a~pg= ’4_911)_2 .
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2. CORRUGATED WEB ANALYSIS OR DESIGN

It is assumed that the effective torsional stiffness of the webs is
negligible and that an optimum web is that which just produces plate buck-
ling with nodes along the support lines. The plate is assumed to be long
enough compared to its width that it can be considered infinite in length.
Then the buckling coefficient for the plate is given by k = 4 and the sup-
port spring stiffness parameter required to give this buckling load is shown
in Figure 76 as a function of the wave length paramter A/b. To determine
whether or not the corrugated web has the required stiffness, it is necessary
to compare the value of ¢b7w‘q? given by equation (2) with the values of

Figure 76. To do this the following relation is plotted as a function of
A/b

5 o'a, D¢ a
pp’ _ 12 _f (9_) D = D, f
4
szp ™ D £/ o4 . . EE‘Q (17)
i D, f

4
D
with a'd/D a function of the parameter 4 v md b
D, b A
(14) or by Figure 75. Then if the curve defined by equation (17) does not

given by equations

intersect the appropriate curve of Figure 76, the web has more than enough
stiffness. If the two curves intersect, the web has 1nsuffi¢1ent stiffness.
The optimum web stiffness is obtained when the two curves are tangent at

only one point (Figure 77). The shape of the curves suggests that an approxi-
mat ion which may be adequate would be to assume that the point of tangency

is near the maximum of the appropriate curve of Figure 76. Then; with

A/b taken as the value corresponding to the maximum value of

m4D
3
Figure 75 and with %23 taken as the maximum value, equation (17) may be

in

used to calculate one of the web parameters. The web dimensions would have

to be varied to yield minimum weight.
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Curves defined by equation (17).
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Stiffness

Less than Sufficient
Stiffness

Curve from Figure 76

A/b

FIGURE 77. POSSIBLE STIFFNESS VARIATIONS
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APPENDIX II

CALCULATION OF PERFORATED PLATE AVERAGE ELASTIC
CONSTANTS AND STIFFNESSES

It is of interest in the analysis of perforated plates (Figure 78)
to define a repeating stress and deformation pattern which can be used
to determine average stiffnesses. Such a pattefn is useful for two reasons:
first, it represents a minimum problem to be analyzed by numerical means
and thus requires the least amount of computer time; secondly, the stress
and deformation distributions are those which would exist in the interior
of a perforated plate under relatively uniform normal and shear edge forces.
The required plate pattern and the associated boundary conditions are ex-

plained in the following sections. The nomenclature is presented on page 242,

1. BIAXTAL NORMAL STRESS

Assume that the applied stress is parallel to the axes of symmetry of
“the pattern shown in Figure 79; 1i.e., axes AA and BB in the "x" direction
and axes CC and DD in the "y" direction. A repeating stress pattern is
expected to have these axes of symmetry as well. The implication of this
requirement is that the shear str?ss 7;y vanishes along these lines. Con-
ditions of symmetry also imply that these symmetry axes remain straight;
this condition does not mean, however, that the normal displacement van-
ishes but that it is a constant along a line of symmetry, the exact value
depending on the average stress that is applied. Thus, the problem to

be analyzed is as shown in Figure 79,
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x> 7y’ “xy
x> Ty’ “xy

X y Xy

Xy

vy Txy

x2’° y2

NOMENCLATURE FOR APPENDIX II

uniform biaxial extensions and shear of repeating element
average bending and twisting stiffness of perforated plate

average Young's moduli and shear modulus of perforated plate

average bending and twisting moments per unit length
perforated plate thickness
in-plane and normal displacements of perforated plate

average extensional and shearing strains of repeating

element
average Poisson's ratios of perforated plate

in-plane extensional and shearing stresses in

perforated plate
normal and tangential edge stress

average in-plane extensional and shearing stress acting

on repeating element

average extensional stresses corresponding to strain

state for which C1 = 1, C2 = C3 = 0
average extensional stresses corresponding to strain
state for which C2 = 1, C1 = C3 = 0
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Average elastic constants are defined through the overall average

stress-average strain relationships

v
e = -L z - X =
éx = 3 o, B ay (la)

x y
- V. 1 =
E - -zX § + = © (1b)
y Ex X Ey y
with
£ = = (2a)
x |cp|
E. = ﬁr (2b)
€y |AB

/[ ;

o, dy + _[o dy

C
AN
ay = D (24d)

It would appear that to define these constants it is necessary to solve
two problems, one for which C, is equal to unity and C, is equal to
zero, another for which C,1is equal to unity and C, is equal to zero.
The value of 5; and g obtained from the first problem can be denoted
by 6;1
since E, and D& are associated with a stress state for which
&y vanishes,

and &&, and from the second problem by 6;2 and ¢ 2 * Then

C,g, + C,g._ =0 (3a)
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c, = - --_Y—'- (3b)

— - a 1 =
7. c‘(axl - bi_z axz) i3e)

. ] g
E = -’5 L - X o
L z lcnl ( axl — ax?) (4a)
x y2
The following is also obtained
- Cc o

VO 7T R 'ig' oy (4b)
y € 1/|cpj 48] 9y,

Similarly,Ey and llx are associated with a stress state for which

O _ vanishes, in which case
x

¢, o, +¢Ca,=0 (5a)

or.

“yc, = - Txz (5b)
X1

and

By = lu'(ayz_ 5:: ayl) i)
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Ve = -:%g% % (6b)
Note that since
P&/Ey = b;/Ex (7a)
the stress states should verify the relationship

g, leo] = &, lasl (7b)

2. SHEAR STRESS

The determination of the proper repeating pattern and boundary conditions
for a state of shearing stress is somewhat more difficult.

Assume shear ap-
plied parallel to axes AA and BB,

These axes would be expected to be axes of

antisymmetry of the stress distribution. Thus consider the region between

axes AA and BB as shown in Figure 80 to be subjected to shear and normal

If the picture is rotated about axis BB the stress picture
is as shown in Figure 81.

stresses as shown.

Continuity and equilibrium of the shear stress

N <N ™ A N N
B A A
<1 < < < — 7 17 T T
Vv 3 < v 4 N v Y 4

FIGURE 80. SHEAR & NORMAL STRESS FIGURE 81. ROTATED STRESS
DISTRIBUTION DISTRIBUTION
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along axis BB may be obtained by reversing the sign of the stresses in Figure
81.. But then, the normal stresses will not be in equilibrium unless they
vanish. Since a similar argument can be made by rotating about axis AA, the
conditions ¢7y = 0 must be imposed along axes AA and BB. By considering dis-
placements it would appear that reversing the sign of the stresses in Figure
81 will bring about a discontinuity of the tangential displacement along axis
BB unless it is equal to zero or a constant. Similarly the tangential dis-
placements along axis AA must be zero or a constant. (A constant is permis-
sible since a rigid body motion of the adjacent bay will make the tangential
displacements continuous). Considerations of antisymmetry about axes CC and
DD likewise imply that the normal stress vanishes and that the tangential dis-

placement must be constant along these axes.

A solution of the problem shown in Figure 82 is thus found.

D c

FIGURE 82. PROBLEM TO BE ANALYZED FOR SHEAR STIFFNESS
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The elastic constant associated with this problem is given by

?
G = ﬂ
Y 8
¥y xy (8a)
with
c, .
Y. = 8b
Yy [AB| (8b)
fC B’ A
T d ./. T dy + Jf T d
= D X S xy Yy /Ty y
xy jco | AB|
(8¢c)

3. PLATE BENDING STIFFNESSES

With the effective elastic constants known the bending stiffness of

thin perforated plates are readily obtained to yield the moment-curvature

relations
M M
o _ x _ . ¥
ox? D Yx D (92)
x y
M M
Fw
& 5 ~ Vo (9b)
y x
o . Xy
0 x0y - D (9¢)
Xy
with
Ext’ .
D = iz (10a)
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= X
l)y 12 (10b)
¢ t°
ny = _xle (10c¢)

and v and yy are given by equations (4b) and (6b).
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APPENDIX III

WEIGHT AND COST SAVINGS IN CONCEPTS

The following is a brief explanation of the bases by which the principal
weight and cost savings shown in Tables XXV and XXVI, respectively, were
achieved for the various concepts in this study. It should be emphasized that
the stress levels shown are examples at a particular wing station only, and

that ratioing these stresses will not necessarily produce the indicated weight

savings. A significant portion of the weight saving in all the concepts is

attributed to using titanium in place of steel in the landing gear and tip ribs..

1. CONCEPT NO, 1

a. Ribs

The 43 pound (4.47) weight saving, which represents an actual reduction
from 211 pounds of baseline rib weight to 168 pounds of rib weight, is achieved
primarily by the substitution of titanium for steel in the gear (Ti-6-22-22 STA)
and tip (Ti-6-4 A) ribs. While it may be argued that the baseline gear rib is
overweight and the weight savings achieved are therefore invalid, this is not
actually the case. The load levels in this rib at the 44 percent spar inter-
section and the main landing gear lugs are such as to allow the efficient use
of steel. However, as the load level rapidly decreases in the forward portions
of the rib, stability considerations, minimum practical manufacturing gages,
and required flange widths for fasteners make steel a very inefficient mater-
ial for this application. Titanium with its lower density and somewhat lower
mechanical properties does not incur these minimum section difficulties in
these areas and is consequently the more efficient material overall. Addi-
tionally, as the program is free of the commonality restrictions placed on the
baseline design (i.e., high utilization of F-5A parts), a more efficient lead-
ing edge flap hinge support structure allowed additional weight saving.

The 4.4 percent weight saving was achieved with a cost reduction of

6 percent ($5,300.,00). This is achieved mainly through the reduced labor
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and overhead incurred by the use of the precision forging and investment
casting processes to effectively reduce the buy-fly ratio of these ribs.

b. UEEer Skin

There is a 37 pound (3.8%) weight decrease from 203 pounds to 166 pounds
chiefly as a result of substituting full depth honeycomb core for internal
spars. The increased panel stability imparted by the honeycomb core allows
the higher specific compressive stress of Ti 6-22-22 STA (FCy = 160,000 -
Table V) vis-a-vis 7075-T651 aluminum (Fcy = 67,000)(1) to be more fully
utilized.

c. Lower Skin

The 53 pound (5.4%) weight saving from 250 pounds to 197 pounds is
realized by the same improved efficiencies in structural arrangement described

in 1.b. above, i.e., Ti 6-4 PMA (FDU = 113,000 - Table VII) vis-a-vis
Fat

7075-17351 aluminum (Fy, = 44,600) 2,
Fat

d. Miscellaneous

This includes fittings, doors, nonstructural panels, stop and seal panels.
There is a 21 pound weight decrease, from 85 pounds to 64 pounds, resulting
chiefly from the substitution of graphite/epoxy honeycomb panels for alumi-
num honeycomb panels in the strut well area and aileron access doors and the
substitution of titanium castings for steel castings in the aileron hinges

and 66.67% spar attach fitting.

2. CONCEPT NO. 1A

a. Spars

A 15 pound (1.5%) weight saving, from 166 to 151 pounds, is achieved

mainly due to the decrease in honeycomb core weight over the internal spars

(1) NOR 71-173, "Wing Stress Analysis, F-5E", page A-1.0.
(2) NOR 71-172, "F-5E Wing Internal Loads," Vol. II, page L-328.

252



it replaces. There are no directly comparative stress levels for honeycomb
core and channel spars from which meaningful conclusions may be derived, be-

cause of the widely differing failure modes of the two designs under compari-

son. The 10 percent cost saving ($9,223) results from the substitution of
honeycomb core for the interior spars and the reduced labor and overhead in

producing the precision forged exterior spars.

b. Ribs

The 40 pound weight decrease, from 211 to 171 pounds, is mainly the
result of substituting titanium for steel in the gear and tip ribs (see l.a.
for complete description). This weight saving is accomplished with a concur-
rent 16 percent cost reduction ($14,400)., This cost reduction is the direct
result of the reduced labor overhead and tooling expenditures required when
utilizing precision forged and investment cast parts in lieu of hogouts. The
10 percent cost saving increase of this concept over Concept 1 is the result
of limiting the use of titanium to the gear and tip ribs only. (The use of
aluminum ribs was precluded in Concept 1 because of a lack of strain compati-

bility with the titanium cover skins.)

ce. Lower Skin

A 12 pound weight saving from 250 to 238 pounds is realized through the

substitution of a 7475-T7651 aluminum alloy (FDU = 54,000 - Table VIII)
Fat
U = 44,600)(1)-

for 7075-T7351 aluminum alloy (FD
Fat

d. Miscellaneous

The weight savings and their sources are the same as in 1.d.

3. _CONCEPT NO. 3

a. Ribs

The weight savings and their sources are the same as in l.a.

(1) NOR 71-172, Volume II, Page L-328
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b. Miscellaneous

The weight savings and their sources are as in l.d.

c. Assembly

A 17 pound weight reduction, from 66 to 49 pounds (1.7%), is a result of
reduced fastener grip lengths in the lower skin and the substitution of Bi-Ti
rivets for Hi-Loks in the upper skin.

4., CONCEPT NO. 3A

a. Ribs

A 40 pound (4%) weight reduction and its source is the same as in l.a.
The additional 38 pounds (4%) weight saving is a result of transferring the
lower rib flanges to the lower wing skin and does not result in a saving in
total wing weight. The 3 percent cost saving ($2,800.00) is a result of

reduced labor overhead and tooling expenditures when brecision forgings and
investment castings replace hogouts.

b. Miscellaneous

The weight savings and their sources are as in l.d.

c. Assembly
The 22 pound weight saving (2.2%) from 66 to 44 pounds, is a result of

the elimination of fasteners through the lower skin and the reduction of
blind fastener grip length. The upper skin is now attached with blind fas-
teners. The thicker lower skin of the baseline was attached with blind

fasteners.

5. CONCEPT NO. &

ae Ribs

The weight saving and sources of same are as in l.a. The sources of the

2 percent cost saving ($1,211.00) are as in l.a. also.

b. Upper Skin

A 13 pound (1.3%) weight reduction from 203 to 190 pounds is achieved by
the application of honeycomb panel stiffening to the skin panels between
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spars. Again, maximizing the utilization of the higher specific compressive
stress of Ti 6-22-22 STA (F - = 160,000 - Table V) vis-a-vis 7075-T651

(Fcy = 67, 000)( D accounts for this weight saving.

c. Lower Skin

A 32 pound (3.3%) weight saving from 250 to 218 pounds is achieved in
the same manner as the upper wing skin weight saving previously described,
i.e., Ti 6-4 BMA (FDU = 108,000 - Table VII) vis-a-vis 7075-T7351 aluminum

_ (2)
(FDU = 44,600)

Fat

d. Miscellaneous

The weight saving and sources of same are as in l.d.

e. Assemblx

The 16 pound (1.6%) weight reduction from 66 to 50 pounds is a result of
fewer interior spars, shorter fasteners and the substituion of Bi-Ti rivets
for Hi-Loks. The 0.5 percent cost reduction ($479.00) is a result of the

reduced labor and overhead of a reduced quantity of fasteners to be installed.

6. CONCEPT NO. 5

a. Ribs

The weight saving and sources of same are as in l.a. The sources of the

cost reduction of 3 percent ($2,263.00) are also as in l.a.

b. Upper Skin

A 12 pound weight reduction from 203 to 191 pounds is achieved in the

same manner as described in 5.b.

(1) NOR 71-173, Page A-loOo
(2) NOR 71-172, Volume II, Page L-328.
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c. Lower Skin

The weight saving and sources of same are as in S5.ce

d. Miscellaneous

The weight saving and sources of same are as in l.d.

e. Assemblx

The sources of an 18 pound weight saving (1.8%) from 66 to 48 pounds is
as in 5.e. The cost saving of 1.0 percent ($798.00) is twice that of the

savings in 5.e., reflecting the deletion of one more interior spar.

7. CONCEPT NO. 8

a. Spars

There is a 17 pound weight saving (1.7%) from 166 to 149 pounds re-
sulting from the reduced web thicknesses made possible by corrugating these
webs. The 13 percent ($11,391.00) cost saving results from the reduced labor

and overhead attendant with procuring net precision forged spars.

b. Ribs

A 40 pound (4.1%) weight saving from 211 to 171 pounds results from the
same sources quoted in l.a. The 18 percent ($16,414.00) cost saving sources
are the same as in l.a. The increased cost saving over Concept 1 ribs re-

flects the reduced use of titanium in this design, which is essentially alum-

inum.

c. Lower Skin

A 19 pound (1.9%) weight saving from 250 to 231 pounds results from the

use of 7475-T7651 aluminum alloy (FDU = 54,000 - Table VIII) for 7075-T7351
DT

_ (1)
(FDU = 44,600) """,

Fat

(1) NOR 71-172, Vol. II, page L-328,
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d. Miscellaneous

The weight saving and sources of same are as in l.d.

e. _Assembly
The 9 pound weight saving results from the substitution of Bi-Ti rivets
for Hi-Loks.

8. CONCEPT NO. 8A

ae. Sgars

The 11 pound weight saving from 166 to 155 pounds has the same source

as 7.a. The cost saving and source of same is as in 7.a.

b. Ribs

The weight and cost savings and sources of same are as in l.a.

c. Lower Skin

The 21 pound weight saving (2.1%) from 250 to 229 pounds results from
the use of the X2048-T851 aluminum alloy and the increased static design
allowable of 59,000 psi (Table VIII) (the fatigue design allowable is no

longer critical). This results from the removal of fasteners from the lower
skin mold line.

d. Miscellaneous

The weight saving and sources of same are as in l.d.

e. Assembly

The source of the 14 pound weight saving from 66 to 52 pounds is the
substitution of Bi-Ti rivets for Hi-Loks and the use of blind fasteners in
the titanium upper skin.

9. WEIGHT AND COST SAVINGS TABULATION

Tables XXV and XXVI show the principal weight and cost savings, respec-

tively, expressed as a percentage of total baseline weight and cost.
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EQUATIONS NOTE:

LIMITS OF EQUATIONS INDICATED THUS -

T = THICKNESS OF TAPERED SKIN

#1
i#2
#3

0.0036999 Y + 0.092918

HrHAa
[ T |

0.0023554 x: + 0.41947

LINE C-D
LINE A-B

Yw =
Yw =

1.05211057Xw - 22.98076192
-6.4084173Xw + 249.45498165

POINT X Y T

w w
32.976 38.131 0.234
27.915 70.564 0.354
82,282 63.589 0.150
114,406 97.387 0.150
0.150

114.406 110.800

moow >

w.s'
93.50

FOR THESE DEFINITIONS |
SEE SKIN DWG.

-

'r=o.15>’.¢

Lo

7

s \
/// TAPER DIRECTION
/

EQU #2

5 TAPER DIRECTION |
)

0.0033442 X° + 0.0031781 Y+ 0.223096

TAN ¢
TAN a

0.9504704
0.156044766

o

c \

15% /

4% __—

FIGURE 83.
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FOR THESE DEFINITIONS

} SEE SKIN DWG.

TAPERS - UPPER WING SKIN F-5E BASELINE



Yo
A
/
== “"»8 » )'\r
— ) TAPER EQU TAPER EQU #1
#2
/ K
al TAPER EQU 28
15"’/ #3
]
) |4 TAPER EQU 5

#10

“yn o — L J
\
166.6% (]
—_— I o
LINES
A-K  Yw = -6.4084173 Xw + 249.45498165 TAN & = 0.156044766
B-F Yw = 1.20184195 Xw - 27.4885747 TAN 8 = 0.83205615
F-C Yw = 0.43267411 Xw + 136.3730122 TAN @ = 2.3112083
M-C Yw = 7.45964285 Xw - 442.13382092 TAN 4 = 0.13405467
c-J Yw = 0,1575851 Xw + 93.1070119 TAN @ = 6.3457774
TAPER AREAS (ADDED THICKNESS FROM THEO. ML. TO ACTUAL ML.)
#1 T = 0.0020349 Yw - 0.0775927
#2 T = 0.0009603 Xw + 0.0018851 Yw - 0.0402136
#3 T = 0.002265 Xw + 0.0018846 Yw + 0.0518074
#9 T = 0.0009789 Xw - 0.0022625 Yw + 0.3085449
#10 T = 0.,0003830 Xw - 0.0024451 Yw + 0.2278565
Xw Yw T*
PT. A 32.976 38.131 0
B 70.500 57.241 0
(6] 73.300 104.658 0
F 100,251 92.997 0
K 27.915 70.564 0.066
M 70.500 83.771 0.050
J Theo.| 27.915 97.506 0
NOTE: T* IS THE DISTANCE FROM THE THEO. W - 11 AIRFOIL TO THE ACTUAL OUTER SURFACE

OF THE 14-23502 SKIN.

FIGURE 84,
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LINE OF INTERSECTION
(TAPER #3 & PLANE #4)

Y, =1.20184195X - 29.2570113
PAD AREA

0.150 ABOVE PLANE

#6 & TAPER #5

(NOT TAPER #3)

7 0.150
\ CONSP

l

L

A
¢

i a-‘
! i
TAPER #2 |

T

TAPER #1

N 70% ‘i!
a

TAPER ON TAB SAME
AS F-5A USING
CONSTRUCT. PTS.
NOTED*

i

SEE ENG. DWG.
FOR THESE AREAS,

LINES:
A-K Y" = -6,4084173 xw + 249.45498165 TAN & = 0,156044766
B-F Y" = 1.20184195 X, - 27.4885747 TAN 8 = 0.83205615
D-E Yw = 0.82611510 X, - 4,27369676 TAN ¢ = 1.21048507
M-C Yw = 7.45964285 Xw - 442,13382092 TAN # = 0,13405467
F-C Yw = -0,43267411 xw + 136.3730122 TAN § = 2.3112083
E-C Yv = -0,5413126 Xw + 108.62582127 TAN 0 = 18.47361344
X Y T
W w
PT. A 32.976 38.131 0,233
B 70. 500 57.241 0,230
c 73.300 104.658 0.230
D 81,918 63,400 0.150 THEO.
E 128.259 101.683 0.150 THEO.
F 100.251 92.997 0.230
K 27.915 70.564 0.630
M 70,500 83,771 0.531
POINTS USED 33.731 72.368 0.420
ONLY FOR TAB 73.300 84.639 0.307
TAPER*
NOTE: T IS THE DISTANCE FROM THE THEO. W-11 AIRFOIL TO THE ACTUAL INNER SURFACE
OF THE 14-23502 SKIN. :
TAPER EQUATIONS:
#lT = 0,0122397 Y, - 0.23372946
#2T = -0,00583795 X, + 0.01132864 Yw - 0,00647907
#3T = -0,135907 X + 0.011308 Y + 0.54085
#9T = -0,00589273 x: - 0.01361934 Y: + 2.08728472
#5T = -0,00457306 Xv + 0.00553562 Yw + 0,173688
#8T = -0,00166376 x' - 0,00384531 Yw +.0,75439403
*TAB T = -0,00166291 x" - 0,00384643 Yw + 0.75444774
FIGURE 85. TAPER AREAS WING INNER SURFACE F-5E BASELINE

263



[207 1491 ]

1IFSIOW 2P olg IWIS G ON
ONIM  GWOI,H HISTT 177
NINS YTdd FVHING JINNI = SANE T NINS
1 IJdIDONOD ‘SASSINIOIHLI NINS s2/=1
. TN bESZ 9y A
98 L 00!'1S] =~X—
s2r =2 /
. 96 °€6 <A
s2r=1
Q09:6L "X \ — Yo
\. \, / y \| %t
= — _ \ /, /
\
$32s mh.ﬂ%. n...w_,, 0 35 / : N 76 WYON
58 == G % NOF \ S~ ) o115/ 6ULS
003 '$L ="X 204.5&5 /o@ ) /
4esi'=1 76N X w\.mm.vk ASNOI S$21° =2 Sz/ =1
44#8° 08 <X O€L LS — e , €22/°66 <A
84019 ="X - o0l°1§1 =X
S ragnoz |\, \ ToWION
p——— 181" =1 .  NoLazvia , SEL/OUS
4895 0L =X e (O f 2 TOWS0N
o 0="X ShL2 « ’ ; v /\, sez/l s
aILVE D M/ \ ce / \
o2 uS . /. b
g 76 TONION
- G > ( w&_ X P b0/ WS
Q\ Q \wv J \ " / wm,
N et X |
i NL2TIIT I3 TSN
En \NQN oIS
35—/ 70T - e NOINA STV .
NOU2INT  ITSVL . & , TMION
A o - OH. WIS
Xz /_ ¢ % \
, 9 \\ sar =D
_ - - P 26€7°09 ="
% G 00262 ="X
<ET” T T N
\ TYWION
Y SICVIS
= |~N .*\.N = N
azIND> 0*OS biUS — SO/-168] FHLUIS YFLINO VYO SIFSL SSINNOHL FIS —.' FLON
sz/"=1
S21'=1 1E1'8€ <"A A £899989L10100°— "X L - *
oy R 8- ao XLHOZLEF000 - 2+8805I2 " =1 P LT
00 - /8LZLIE 25!+ TXLIFLILONO | — A b /252 €4 LP00" = 1
‘ by 707
822482801 “+TXQ2$4E2LS Lok 000 — TASEH12€2E6L000° =2,
£ (163
LSLELLOLO! + TX 26LEFS0EZI00 — TA €EEIEHES/00 ° =2
2,.1N0F
bOLSILILSO "+ TA 4275LEI2L100° =1
! x 107

Samd7 NINS Y Tddr? 204 SYTdYL SSTNNIIHL



[ 30/ -149) |

133ddow )°r °% 37028 INIM  GWOI.H
HLITFA 77 -SLINI0D NINS X TFdd?

£L-9-€ N3P V.
€/-5r-£ AN .

T L1dAONOD ‘SESSENNOIHI NINS

*L8 TANOIA
TyWYON ARTERN ~&ot __ 190
[ !
I
ENT) \ \N\.. \ | _ :
oobe EW}L/ \ | | !
. §61°—\ N — \ L -
Iﬂh\ 1 b\, _ | \ao” - .
1/ _ 20
D J _ )
\ a\ Z&rdav
00bé VIS |
! -2s0
|
||||||||||||||| oSs'Is VIS
Lo/’
Lol* \
0FINGD
000E VIS

SYIVaANIOG ING TS Ly NMOKHS SSINMIIHL —: 7LON

L9¢

- —7??
H
) P A4
%S/
- %
9
\
2 YON
00°'lS/ YIS
. /&Q. MVMQM-“QMMM
TS
.- as'2zr g 489¢°0L 0S16" L2 d
0860/ kLS $$06 9L 45590 N
16£9°¥8 ow< “£L W
8€0b°0b 0005 '£b 7
o8LZ "sb 1609 LO1 M
18L0 " 00! d000°£2/ i
Lv80 " 211 2000°52/ 3
6829171 000/ /s / H
122/ b6 0001° IS/ 9
5519768 000052/ +
UL bL 066" £11 =
918 65 000s'€b a
LISk RS 0005 " £L. 2
/590" /S 492085 g
oigl %€ 02l "2¢ 4
7Y 3 INTOd
LEOL Ch + "X ILELLEI =TA 4797 9
990619 + "X EIEI0IE" ="A  %bb £
_SHOI12+"X92EC9S” =Th %S/ ¢
b/SEE68 298+ X 182€06249°2-="4 M-F ¢
645059/°902 + "X Zb1L88249°2-="A N-g T
126898t 442 +"XLb¥SEECLOP'I-="A d-V |
SINI7T 40 NOILYNOT
£ESOSPI8I0 — "X S260458 096000 " =2 I-H-9-4 L
SLELELIOE0 — TA$Ibb0SHIELO0O" + T X 290990095000 * =1 XNAL-4-F 9
9228bL9SELO + TALISSIZSELE 000+ "X bbSEL L 225000 — =] N-3-d S
JLOE QSQbpO "+ A Z/I$$89L/6000 '+ "X $82/185 $8LS0O00 — =] W-1-0-0 ¥
£O " +TAEQELZIIILIOO0 +" X S8+ SH22 #6+000 —=1 N-W-2-g €
bLEIZL2HO2| + TA FZL S5 9.91100 +TX ¥bSbLO000OZ00 - =1 d-N-g-¥ Z
22£9S5. 5050+ “A bP50SLELPIO0 =2  (8NI-d-V [

SL3IMI0d NINS d3dan ¥04 SHIdVL SSINNIIHL



S0/~ 759T]

LSO I
INIM GLoIH HId3d 170 - SLINIOI NIXS IMOT

69¢
£L-£/-€ AN V.

L0
1 ILdAONOD “SASSANIOIHIL NINS
*8g MUNOLA 99
5747,
.
\
Tow YON
orsgl vLs
\
TVWION
: aIINGD OS'E€€/ WIS
00tz viS \
a IWWION
402 oszel US
T ; \ 18950/ 17/ A
- - A TVHION . :
; SPOL'IL  44SE B
J. osial Wz EIPQ  0ECL
850b°0b 000S°€b
_ 08125k o9 Lol
1SLO 00/ 0000°s2/
1¥80°2 0002/
L£82 "9l ol 15!
L2216 0001151
| $E19°P8  0000°§2/
9LL9 L .7, 2 BV
\ 9188749  000S°Eb
r . e QNWM.NM, LISH'8S  000€°EL
LS90°IS  6320°8S
oIE1'gE oL’ Ze
(a4
L - % x|
Q="X aFINYD
ad A LEOL'Sh +™X 9LEBL I

9904619+ "X E€I€IOIE"
SPOIIZ +TX 92€€916° ="A %4l
LISECLE 28C+TX I182£062L9°2~
LbSO S/ "902 +TX ZHILEEZLI 2~

1246898t bb2 + X LbtSEEL0L I~

d

N

W

7

b

r

I

H

9

4

E/

a

2

g

v
AINIod
SV AR/
="A % bt
="A MN-F
="k N-¢

“A a-v

SINIT 4O NOLYNOF

€£60591890 '~ "X S2b0#S80 96000 =1 I-H-9-4

CHOOIIZLE] — A 28LIOLLIEIOO + "X ECIHFEFOSHLOO0O * =2 MN-L-4-3
PHIE 226250+ “A bbbESELILBOOO +™ X OEH09EISESO00 — =2 7-X¥-3-0
$909.2L0S0 + A SLLIZSEDSZ00 + "X $19/2455/00~= 2 W-T-0-2
Q0LESE2H20 = "A LELZEISLEOO + " X- bLULAAIIOC - =2 N-W-J-9
bZEESLZZO+TA LEHSEIESEOO+ T X hbp2lb2 92200 - = J-N-9-¥
+SWEIS90 "~ TN 99SYEFE9C00 =1  AGNI-d-Y

SLINDCT NIXS ¥IMOT YOA SdIJVL SSINNIIHL

~amshv

~NmMm YD v



_LIFSIOW O

90/ - 149! |
oy} IWIS

WM GWOD, H HIJIIA T4 ‘NINS JIMQT —SINY T NINS

1.2
T IJddONOD “SHSSAINMOIHIL NIMS
*68 HANOLA
S22/ =)
9L 26 ="A
182061 ="YX
926/'= 1
S28°2 ="K
102"~ 7 00E°86="X i
206268 ="A \ —9'99
s2r-2 00 - . g
US? 01 <A 0088 ="X 9707, | _
oos n\.mww. . [y v 2| V - Yt
“Lx
— R
\\N.H .N _ HO’= I.‘ ) k -
08¢ 58 ="% P . -%S/
: =m - 8l'=2 \ T : o
. os2°=1 — - %,
' OLL'EE "N b2 = \ _ S
BEs 3 00§°0L ="X . ~
._ = = ) - \
#LE =17 49950 = A =
L9 OL="A Shle = %2
ao0q="X-
€202,
| an...Ni‘
LINOLOI'Sb +7X 1S85LS51' ="~ ! D2-I' 8
bOZ8SEI Zbl — "X BZ¥9bSHL =N I DWW L
(- _— 22/I0ELE2EI +7X I¥PL22EL -="A . 2-4 9
A LPL 588+ L2 -"X bI¥RIOZT ="A ! d-¥ e
L i NZELLI— "X 28829127 ="A | W-V'¢
e 9906 19+7X SICIOIE " ="A . %bb ‘€
B o SbOl'12+ "X9Z2£€2/8S ="A . %S5l '¢
= /96898 bbZ +TXIsSHELOL I~ = A L N-V 1
(I i SNOILYNdT IN/T
sz
e P E $969L22 + A IS4$Z00 — "X £9£000° =22 I [D-WH ‘9
! LEPSQOE +TA §292200 -"X 8L OO0 - uu.w J-4-W €
g ———— -~ — ISNO? O=12390-49 +
$LOGISO  +~A 9$88100"+ "X§92200'~=11 . H-U-€ F
%7 . 9E1Z0YO - A 1S88I100 "+ "X 0246 OO0 — u..p gw-y-t e
\ 1248440 — "U 46E£0Z00 =) QGNI-H-V |
S DNIM 4O FOVIING FTLNO TYALIY FHIL
OL O4 JIV WILIIOIHL WOYS SdIdvL SSINMNIIHL
._ | - % ="

u.m\ = B ol OFE =" 2HOBEIZ "+ "ALZSILOOO "= "X LOIOOOIO0 — =1 ' 8 4NBF
aaltciggde Do bIGISEE " + U HLEOZEO0 ~"X I29/52200°==1 L w3
o0 ="X 2-4-g 40 1GINO LSNOD SZI"="1 9 107

, 9928191+ “A SIBLAUCOO " +7X $ESIL2200'—="2 S 707

DUHING 33IN0 30 Lol 168 TS $9GI$$Z + A SULFESHOO + "X E69602S00—="1 b 4/107
AINO Z004INS JINNI 40 AHAYED0d0L — FLON PLOSZEQ + A SILLECHOO +"XGSSLO2200-=2 € 4107
IO BEQ + TA EL##/SO0 "+ "X EI226IE00 - =T 241037

$OS/060 "~ TA /0#2+9500° =1  l, NOF

22+'2 =2 ° SwolLvndF
(o01508 YFNN/) SONYT NINE ITIMOT YO SIFIVL SSINXYIIHL




LO] - /687

PR Y
DB OL  T[INOS, s C o0 ING FTUAO

-
)
'\k

‘ONIM WO, H HLFTT 177 —ANHdvy2000L NINS

1 IdEONOD ‘SISSANMOIHL NIMNS
‘06 TINOIA

4259 b0/ ="A
eog sl =X

6898 "OL =4
S Lz <"X

1]

1$1°8€ ="A

9828 "X

2o NION
SIS 8US

' OFL WIS

b 26=A
15200/= X

TEWION
o'pb WS

£Le

N7

X , &.\\&v\

\ . /A\N.ﬂ

TeryoN
o018/ ols

\
W ION

S'ECr S
48qu>\
se2z/r s
\\vs,w\&\a\
Séo/ vUS
sor-/68/ ‘So/-n&1  Somd 33IS —. ALON
LPPS8OC "+ TA §292200 — "X U000 — =77
. 92707
H$LOBISO+ TA F898100° + "X $92200 —="2
: . Ewn0d
9L1Z0P0 — K IS88/00 + "X E0%6 000 - =2
Cur?OF
124 GCLLO  — A bbEOTO0 =]
e V.4
FWSYTS JTLNO JOA SYIdVUL SSINNIHL =77



20€— 169/

£L-5-€  _[3/JOW )T ey FTOC NIMNS
dI3ddN TV # JIMOT-11 C ONIM dvdS 9
SIANYId L13IN20d NINS &IMOT

EL-9-E NI V. /2
ELl-4-€ N3N | E. € ILdIONOD ‘SASSANIIOIHI NINS
*16 TINOTA

£22/ 46 00/ 7/ 7
b£82°9// 00/°/$1 b
L$802// coo'€z/ L

08L2 Sb /bo210/ I

bE0b 0 00S€h H

/6£948 00€° €L, 9

48950/ ShLe o

1£1°8€ Lb2E 3 LLO=2
L156°8S 00€ 8L a
218€ 49 0as €b o) . i N
Qs0=2 299

152000/ o00'szl g !

»EI9H¥E 000 €2/ 4 I .

A X LNIOd 2 sT‘I“ I \ \k
- R e —_— @
o ol L/ 7
— QQQ.D.N = i / -q ] .
el nowuzr=a N S ,

. \u \ ‘,
| _ | a T \\‘\ ) 2 1022
. ' _ - t o
v, SPO+L€/" =] _ - ‘ A \ y
| \ N\ LT
x Z
. \_- /
, \\4\/ i 05022
990+ $£2=] : - 4 - \
/
‘ ¥ 4 1S£9242° 201+ "X SI120609€81="A  I-D
_ ' PLSIELL 9SS + "X 6L0O2ELIBS ="A H-0

L Y
K

PE/ELLLLO+ "X Z8209EES/="A 9-3
LEOLEL+ TX AUEHbYI= TA %2792

' 9904°19+ TX EIEI0IE = TA  %bt
« LILE'BS+™X EE8ISHE ="K %bE
L2426+ "X 9ISHE8QE = A ¥EE
1886 LE+ "X 4L00IEt "= "A %L2
€245 b2 + "XHOLICLY " ="A %2
SHOIIZ+TXI2EE€2/S ="A %S/

SNo/Lvn&T INIT

SNOILYO2OT INYTT TNV SW/T *2 oo LO/-/48) oma 3F3$ - FLON

3) £ESOSOISI0" — "X SZEOPSOO 96000 =] r-X-7-V8

' ; °0/=2 150216120 +~ALH09EE 226000+ "X 2/S CE$99/000~- =7 Ig-v-otL
LELEBLSEL S + U bIOLELLESI0O +TXLBEF O 262800 ~=) H-I-2°9

SEIEHEGIPO "+ K $/0LEE LSS 100 +7)X £81/2/EC/00 ~="2 H-2-0°¢

L2/9LSSSHO +TAELEGDSE F0200+ X/b2EL$E /00~ ="] 9-H-d ¥

OOLILFHOSO "+ TA bLEFI2E 0200 +7 X £S89/60/9/100°~="2 ©.g-3 €

CLHKIIEORO - A 29LIBSH$EOCO +7X 185€5502€00—-="2 4-2-3°72

LOBbH3$3+0— "TA8EHI009b600" ='1 TINI-+- T ]
*2+'2 =2
(3ov4INS JINNI OL Tev ) SL3IND0d ¥OH SHIVL SSINNIIHL



LLT

207 - 168! o_\_ T1995
v
.m .WN M Mw m QIN441LS GWOIAINOH ONIM I¥dS S
.S SINVId ON¥T 3 LIXD0d NINS ¥3ddn
H IJAONOD “SISSANOIHL NINS
*Z6 TINOLA 1L0
ool'ls! =X
0057221 ¥LS
SleZe ="X ol e 8E0S 22 +"X 05687.92-=", (R
| JaEsal~"% GIIL'SY -™X8627002'] ="A %)
YISO <"A — Tl — 2919°2EE+ "X ¥6E82LY" Z- ="A H-0
- 2 198" 121 -MX 260962£°2 =" H-a
_ 1T 199" 112 +"X G2682.9'2-= A 9-q
000°€6 Y1S Y02’ -™X9230¢e’l ="A 9-3
W s 0SSY'BYZ+X ELI780Y 9~ =" 43
: _ 5 6= 9906'19 £ EIEI0IE" ="A %v
e e e = ; WWYON 190L'IS +™X 2189198 =™ %8 9EOC
000°EL WIS YSOEBY +*X V/98BLE ="A %EEEIEL
” 3 GS 1Y +™X GIT2EI¥" =™A  %0S°6Z0
- 00EEL="X LSOLPE +™X €S2SLYY ="  %199vZO
B s=———= 09016 +™X 228LYIV ="A %SZ22V
SYOI'1Z +™ 9ZEEINS = “A %S|
S SNOILYNO3 3N
‘ LINVISNOD S2I° =4  dg.1n0-9-3
0="X ZEG1921° +MA 268545000 +™X 688£99000° - = .3 9-4-3

2% 0gl’ ¥95'0L 0000 3 901€001° +™A68¥L49000° =4  QSNI-4-3
saI 180 IEI'8E 0000 ) SONYT ¥4 S¥3dYL SSINNIIHL
X0~00 296566 0£88° 02! r
ILOw0%'  11S0°06  20SL°08 H
£01 ¥SIL'E8  1126°0L 9
PEI Eo,  Slbs 4 £ECOSEI990 — "X SLOKSE0%000° =1 Y-A-T-W S
gl flag e 3 2602200° +"ASET926L000 + ™ L1208V000'-=1  [-H-O-¥ ¥
MERGIBRHLC S B Gowde HL219 SO a 1CGI9I + "AG1GZIGS000 + *X LCGOSEI00 - -3 9-0-J €
SSINYIHL 134004 T¥DIL3403HL SI 1 2v0°  08ECUIL  ¥IL9'LE 0 ELESESLO + ™A #8691(00+ "X [$0S6EG000 - -+ 9-43 2
SSINYJIKL TVL0L SI % ger ovo 206098 0198°S2l v £CCHY JC0 + “A608G2€100°=1 :  d8NI-4-3 I
3 ) my INIOd S13I00d 04 YL SSINNIHL

3
anvyl 13X



oY -1a8l
£/-92-¢ N34V,
§1-9-¢ A34 8.

6LC

ol/1 31¥IS
Q3IN3431LS OH ONIM uvdS &

SINVId 13A00d NIS ¥3MO') WIS T NM I SIAMTINI SLIN0E 2 SINIGE LY NMHS SSIIDHL "2

L ¥pd 9Ma SINYId QNVININS ¥IM0T 33S
(4908 ¥3LN0 ININ ¥M1-L) Lt F<SSANMOIHL TvIOL 1 310N
%# 1JIONOD ‘SIASSANIOIHL NINS

%95 0L =™A——4
go;m_.l\

°€6 FANOI4
[1Q006 08/ 06 H
¥QIL'€8 112€°0L 9
¥9S 0L SleZ¢ 4
1£1°8E 26°2€E 3
1919 2899'8. a
08ESIL  ¥919 (6 2
296E°C6 088 02! g
2060 98  0198°'S¢! |4
“A X AINIOd
GQl6L2™ TYWYON
S22 viS
990 +181°
000 £21="X

408

TYWION

a00°€6 VIS

¥G0S 8% + X ¥L988LE -"A LEEE¥ESH
1 00556~y LSOL $& + "X EGZCLbY = "A L199%¢ O
§coCTIL + X OF682LI 2~ *A 9 -V

09Sh'6he + ™K ELI$§0p"D- = “A
9290619 +MX ICI0IE" = ™A 2o ¥

I \
TYUYON 2919° Z8E +MX $688219 -~ *A H-0
. \ 5 000 €L VIS $I19€ 121~ X 260962E°2-*A  H-Q
LI 19197112+ ™X §2682192- = %A 9-a
% ‘ 00€ "€L="X $02°2- % 09290221 = "A 9-3
| 113

16185 " — e [90L°1G+“X 9189198 "+*A LS. 9O
. GSOSIv+ ™Y GIEZCIY ~*A  %0S 620
21 P \=2.0° OS0E 'IE+“X 228/¥b "k  %S2 22V
. _ Gy Ol 12+ “X 92EEINS = A % Sl
O="x UG L= "X

GNOILYND3 3NIN

££6058/1890 ="X52b0+58096000° =1 v-I-0-X 9
€0L0Z6L0 +"AEELEISI000° +"X 6L GLLLOOO - =} 2-H-J=¥ °§
9D¥10L0 +ABITISER000" +“X208LELOO0 - =3 9-@-2 v
5162290  +*A 0LG0O198000" +"X10SL62L000 - =3+ a-9-3 ¢
08290890 +“AS6SSZLI00" + ™XGLGY8LI0O -~ =3 9-4-3 ¢

2+5S61¥+¥00° - “AE€I1400200°+ =3  Q8NI-4-3 "I

(1 310N 33S) S13%00d 04 S¥3IdYL SSANNIIHL




-168I

o1/t :31V2S 182

A3NIAAILS QWOOAINOH ONIM UvdS

SINYIA ANYT NINS ¥IMOT IOV4HNS HIANO INIM HM1 IAMIINL NMOHS SISSINAIHL 1V '€

ONIM ¥VdS S "03 005'28 V1S 40 Q8N GWODA3INOH ON 2

1+3 = QNV1 V104 "1 : 310N
G OGNV % SIJAONOD “SASSINIOIHL NIMS
*he TANOILJ
\\\ﬁ.ﬁ
_ %Pb
- \ \\\,\
SIQ'LZ M woL— " i - \
- %S|
- \ \
fro—
LA . N
" . 200'05 <X oAt 001151 X
P \\\ 5
avl . W ’
431S L,
U W 000's212"x
Q=M e
$95°0L="A T #
: (35 avd
| % o BE
u 6l10L01°S6 +™ 16851510 = ¢ D-P
T 005°¢6 ™ 6078SS1'Zpb-M1 BZHI6SY'L = : I-M
R 2210515951 + MY 191928 - =+ 2-4
wr 1 521 LYLS88Y LZ-™X 6198102°1 = i-9
i 005°0L=Mx zZsLLe'1- M z2gg2912°1 = W-Y
et I 990619+ ™ €15 1018 = % v
"’ 590112 + MY 9255915° = %5l
918695P'6PZ+ M SLI9BOY'9- ="A : A-¥
T SNOILYNOI AN
gy
15185 ="A =Ty

0

mN_.\_ Y

9,625 ="X

(‘! 310N 33S) IDVAAUNS ATUNO ONIM ATMOT  SEIAYL SSINNVIHL

A3

0=1 :Ad41no-2-1-4
$L08150" +™A 9v88100" + "x592200'- =1 : i-W-2
5958122" + M 164%200'-Mx€85000° =1 r-2-N-

6v¥5805" + M\ 5292200 - ™ 6816000~ = L
95120%0°-MA 1588100 +MY $096000°- =

i
' A-V
LZ€SLLO-"AG¥$0200° =L : QBNI-A-Y
N2

NIXS SNIM 10 32Y3ANS
100 IVAL2Y 0L 1104dIV T¥DILIH0IHL WOA1 IDNVISIA SI L

2006592 +MA 12510000 -MX L09000100° - =4 : avl g
6189958 + M\ 916502500'-™x 929162200 - =1 : 2-4-W 1L
S21°=% : QR.N0-7-4-8 "9
8828191" + ™A 518191200 + ™Y $§5982200°- =% : QY4 QA G
951 v92 '+ ™A GILPSS Y00 + X $$9602500°- =1 : W-4-9 %
$605250°+ ™A S1L955 900" +™X 855102200~ =9 : W-2-v ¢
910119$0" + ™A £22¥¥1600° +MX $12261500- =3 W-N-¥ Z
$051060°- MA 109299500° =4 : QSNI-%-Y I

(') AON 33S)  IDVAANS AINNI INIM A43IMOT SHIAVL SSIN

NINS DNIM 10 3IDVIANS
HINNL TVALOY 0L 1M04AY 1¥2113A40IHL Wodd IDNVISIA SI 2

A2IHL



¢0S- 1681
EL-1-E A V.
£L-9-€ A3Y.9.

o1/t 311vas
AINI44ILS GWOIAINOH INIM d¥dS ¥

GINYd ONVT 3 134204 NINS ¥3ddN

G IdEONOD SISSANIOIHL NIMNS
*G6 TENOILA

PIS°OL = *A

—_—

IE1'BE="A

__ 281°
90628 2% g1
eI

sz

Gel”
281
ger

Gar
Q31VIIANI SINIOd LY

SSINXOIHL L3MI04 1VDIL3IAO0IRL S 3 sar

SSINNIIHL 17L0L SI .3 ser
3

selr
160"
oro

§90-090

Eor
SElr
160
890

SE0-240
oro

k)

ONV1 13400d

JVWAON

m 000°€L V1S
00E"8L=Mx
v98°0L 0000
I€1°8€ 0000
29%E'6e  0£88° 02!
[160'06  206L°0€
YQIL'ER 112g oL
¥9S°0L Sle'l2
1E1'8¢ IL6°2%
81919 189S 8L
O08ES"IL  #919°'LE
9060°28 0198 S2I
"A "X

OWLOVIH Y

ANIOd

€8¢

i TYWION
_ 00S°¢¢l V1S

000°€21="X

__—LyY
|_~Z%ee ¥ E
\Nmuc.vw

.\.bm_

W

001"ISI="X

B80S 22y +MXS6B2LI°Z-="A L-y
691L°GYy —"X862¥002"I =" -2
C919°2EL +™¥6882LIC-="A H-0

Y1987 121 —X260962EC ="A H-Aa
19197112 +*XS2652LD°C- ="A 9-a
YOel'c —™K22902¢'1 ="A 9-3

0SSy 6¥2 + "X LIp80p9—="A 4-3

2906°19 +~X €ILI01E" ="A Lvy
¥S08 8¢ +MXYLI8BLE" ="A LELCVE

LSOL'YE +MXESZSLYY ="A %199'¥¢
S¥0I°Ig +7X92LEIIG" ="A %Sl

ANWISNOD G21° =43
118¥92]" +"A62669000° +"X 91LG5€G8000 "~ =.3

S9S2€60° +" A PS8¥2€8000° =,%

SNOILVND3 3NN

aeino-9-3 'y
943 'L
agni-4-3 9

SANY1 304 SY3I4VL SSINAIIHL

E€S058I890 ' — "X $260+5809% 000" =7
GSPLO080" +™A 900L8 $9000+"X #01 6¥9B000 "~ =1
1911€1S0°+"A 91GLZI1000 *XG922.210000" - = %
£L81S81+*AIEE2S08000° +*X2SEL2Z1200°- = 1
SS606Z80°+ ™A £0L181100"+ #X060121100°- =%
C8GI%E0" +MALYD ICEI00" =2

y-M

"W
H- =
q-9-4=
deNi-4-3

-
H-O
-y
a-o
4-3

= N €68

S13XI0d 404 S¥3dYL SSINMOIHL




£0G-168I

0i/1 : 317
£1-52 4
o ot T QINILIIS BWOIAINOH INIM VdS ¥ c8z
SANVId 13430d NDIS #3M0T 10 YN0 ONM ¥IMOT SIANINI SLINOM FSINGE 1Y NMOKS SSINYML Z
M.FE IMA INYId ONYT NIXS BMOT 33S)
= + il &
T — TS YALN0 INIM ¥H1=1) 1+ F=SSIDOIAL WWLALT -3LON
*96 TANOIL
LLO"
296866 0£98°0Z1
11G0°06 206106 H %999
YQI'E8  1ize0L 9
¥95°0L Sl6°.2 3
IE1'88  9.6°2€ 3 v
BIL919  ZBIG'BL a | uges e
08ESIL V91916 %) %1994
9060°98  0198°SZ ¥ e
5k mx INIOd v
001151 ="
VWO
008221 ¥LS
YISO — 000°E2] ==X
L 9vwaon
{00026 VLS
_ TYWION  00S°E€G="X
. 000°EL V1S BEOS 22y+ "X 0S6F2LI 2~ =*A D~V
2919250+ ¥6882LD°2- =A  H-D
| PIOE 121 -"X2GUICZE'Z ="A  H-O
008 'EL =X 191912 +"XS7682.9°2- =%  9-Q
OSSYQIZ+ “XELIPBOVI—="4 43
290619+ "X EIEI0IE =4 %Ly
I | | YSOT Y+ "X PI988LE =% LEEE WD
“ O E LSOUVE + “XESSLYY  ="A %/99'¥Z
” SY0I 12 + "X 9ZEEIIS =% %G|
0=" | SNOILYNQ3 3NIT

IL6 CE =X

EESOSOIRIO — "X SAUOKCR0600° =1 VXU L
2286£960°+ mABIICYFEO000 - X 12650¥000'~ =1  LH-I-¥ 9
bmnm&Etswm_NoQooS.+3xw_m§~o8.np I-o-u.m
u,
v
o.

S98SLEI"+"A9506605000 " +™X LE6 52V 100" - H-9-0 ¥
(0661 %90 + "4 9£9269100"+ MX ISEBELIO0" ~ 9-4-3 ¢
SYES290" + A §9SOSELO0O" + X 885069000" - 9-3-0 2
LSBEY2C00-~A G62ELEGI00 = 32 Q8NI-4-3 |

(1 30N 335) SIID04 404 SYIVL SSINNDIHL



E09-/685/

FOEAYNS V2L 70 K YN S OF

SN 7Y DISHOT-/L NS YFdAT] NC NN o7/ AL il 020 2465

9 I1JAONOD ‘SASSANMOIHLI NINS
*L6 TINOIA

272m LYE TSN L S/ T
IUNOF -/t 25 SO [ aVyonits 740 ATNVO
SN A7 NICKS SIS INIOIA, 2N 7
s 2oV

5. /i QN. = & 4
22069 A
S8 °97-"X

S$»/2 = R
/& FE = A
9/ /5=

9L62¢-"X

- L8C

o= i
2865/=A |

N\

LH/ nM!
92l 6.5
th&“¢«uv _

os 6N

EL#/ = 7
/9596 ="
2/ .‘\\.‘ \l\«

ECH/ =2
2865/ =K
OO /g =Y

coEfz/ =X




X =0

w

—— Y =38.131

73.300

X =

LINE EQUATIONS:

15%

\\

LT

704564

Y =
w

s
M
0.322

\

X + 21.1045

5163326

3101313 X" + 61.9066

STA 73.000

kd

X + 93,7039

1494376

. . .
ooo
I

2

2

alialle

447,

66.6%

w

2

W W
LJ\)Q»J\&)\J ’

w
UPPER SKIN POCKET THICKNESSES
(LANDS ARE SAME AS BASELINE)

27.915
FIGURE 98
SKIN THICKNESSES, CONCEPT 8

ALUM/ALUM 6-SPAR

-

X =93.500

POINT

STA 93.000

0906
5380
6718
7154
0511
3962

86
71
61
83
90

78
70
90

125
97
120

<oQaomm

123.000

NORMAL
\

STA 122.500

289

151.100

X =




(ANI'TASYVY SV FWVS TdV SANVT)
SASSANIDOIHL IIN00d NINS HAMOT
¥VdS-9 WNTV/RNTY

8 IJAONOD “SASSANMOIHIL NIMS

. 66 UNOLA
C16°12="X
_ ™
_ —
990° 0+ 9900 P
99¢* 99€°0 | 4
85 "Dl (P D P
u \
| \
i
|
|
|
’
|
|
1d1°9e="x ¢
2810
M
0= X

9.6°C¢t= X

TVIION

M
00§ ‘€6= X

000°€6 VIS

16T

—%9°99

A

V\\\Nma

M
00T°1IST= X
</MN~.O
TVIRION
00§ °ZZ1 VIS
M
000°€Z1= X
1150°06 20SL°06 H
%G1L°€8 11Z€°0L 95
81.9°19 289G °8/ a
08EG°TL %9.9° 16 9
Z96£°66 0£88°021 q
9060°98 0198°SZ1 v
M M
A X INIOd

M

3 ° L
6€0L°E6 + ,X 9LEW67I'0 = LA %9799
9906°19 + ,X €IETOTE*0 = L& %%
SHOT*1Z + X 9ZEE9IS*0 = X %§1

:SNOILVNDE ANIT




1.

2.

3.

4.

5.
6.
7.

8.

10.

11.

12.

13.

14.

15.

16.

REFERENCES

Willenborg, J., Engle, R. M., and Wood, H. A., "A Crack Growth Retardation
Model Using an Effective Stress Concept," AFFDL-TM-71-1-FBR, January 1971.

C. Rosenkranz, et al, "Advanced Lightweight Fighter Structural Concept
Study," AFFDL-TR-72-98, July 1972.

MIL-A-8860 (AGG) through -8870 (ASG), 18 May 1960.

Northrop Report NOR 69-35B, "Structural Design Criteria for the F-5E
Aircraft," April 1971.

RFQ F33615-72-Q-1891, Attachment 1, "Service Life Requirements."

Proposed MIL-STD-1530 (USAF), September 1972.

"USAF Damage Tolerance Requirements," 18 August 1972.

Northrop Report NOR 71-118, "F-5E Structural Design Loads," February 1972,

Northrop Report NOR 62-89, "F-5 Structural Design Loads," Volume I,
September 1965.

Northrop Report NOR 71-173, "F-5E Wing Stress Analysis," March 1972.

I. J. Toth, W. D. Brentnall, and G. D. Menke, "A Survey of Aluminum
Matrix Composites," presented at the Composites: State of the Art Con-
ference, AIME Fall Meeting, 20 October 1971.

W. D. Brentnall and I. J. Toth, "High Temperature Titanium Composites,"
IR-7351-(1), Metal and Ceramics Division, AFML, 1 July 1971 to 1 January 1972.

W. D. Brentnall and I. J. Toth, "High Temperature Titanium Composites,"
IR-7351-(2), Metal and Ceramics Division, AFML, 1 January 1972 to 1 July 1972.

Telecon, R. Wells (Northrop) to I. J. Toth (TRW), 24 October 1972,

Northrop Report NOR 71-134, "Strength Allowable and Buckling Load Analysis
of Laminated Composites Including the Effect of Normal Shear Stiffness,"
September 1971.

Northrop Report NOR 70-203, "User's Manual for Northrop Version of Finite
Element Program SAAS-4," March 1972.

293



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Northrop Report NOR 71-172, "F-5E Wing Internal Loads,'" Volume II, May 1972.

Anon., "Structural Sandwich Composites," MIL-HDBK-23A, DOD, Washington,
D.C., 20005,30 December 1968.

E. F. Bruhn, "Analysis and Design of Flight Vehicle Structures," Tri-State
Offset Co., Cincinnati, Ohio, 1965.

R. T. Sullins, C. W. Smith, E. E. Spier, Manual for Structural Stability,
Analysis of Sandwich Plates and Shells, CR 1457 NASA, Washington, D. C.,
December, 1969.

S. P. Timoshenko and J. M. Gere, "Theory of Elastic Stability," McGraw-
Hill Book Co., New York, 1961.

Anon., Structural Design Manual, Northrop Corp., Aircraft Division.

R. A. Anderson and J. W. Semonian, "Charts Relating the Compressive
Buckling Stress of Longitudinally Supported Plates to the Effective
Deflectional and Rotational Stiffness of the Supports," NACA TR 1202,
1954.

Becker, H., Handbook of Structural Stability, Part II - Buckling of Com-
posite Eiements, NACA TN-3782, July 1957.

Forman, R. G., Kearney, V. E., and Engle, Jr., R. M., "Numerical Analysis
of Crack Propagation in Cyclic-Loaded Structures," Journal of Basic Engineer-
ing, Trans. ASME Series D, Vol. 89, No. 3, 1967.

Wilhem, D. P., "Fracture Mechanics Guidelines for Aircraft Structure

Application," AFFDL-TR-69-111, February 1970.

Mechanical Property Data, X2048-T851 Aluminum Alloy, issued by AFML,
October 1972.

Society of Aeronautical Weight Engineers, Inc., Weight Handbook, Volume 1,
December 1968.

D. H. Emero and L. Spunt, "Optimization of Multi-rib and Multi-web Wing Box
Structures under Shear and Moment Loads," Proceedings Sixth ATAA Structures

and Materials Conference, Palm Springs, California, April 1965, page 330.

S. Timoshenko and S. Woinowsky-Krieger, "Theory of Plates and Shells,"
2nd Ed., McGraw-Hill Book Company, 1959, pages 364-368.

294



UNCLASSIFIED
‘ Socnml Classification

DOCUMENT CONTROL DATA-R&D
(Security classilication of title, body of abstract and indexing tation must be d when the overall report is classified)
1. ORIGINATING ACTIVITY (Corporate author) 28. REPORT SECURITY CLASSIFICATION

Northrop Corporation, Aircraft Division Unclassified

3901 West Broadway 2b. GROUP
Hawthorne, Ca 90250 N/A

3. REPORT TITLE
ADVANCED METALLIC STRUCTURE:
AIR SUPERIORITY FIGHTER WING
DESIGN FOR IMPROVED COST, WEIGHT AND INTEGRITY

4. DESCRIPTIVE NOTES (Type of report and inclusive dates

)
Final Report, Volume III (October 1972 through March 1973)

S. AUTHOR(S) (Firet name, middle initial, last name)

Fred A, Figge, et al

f¢. REPORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS

June 1973 305 30

%8, CONTRACT OR GRANT NO. o6, ORIGINATOR'S REPORT NUMBER(S)
F33615-72-C-1891

5. PROJECT NO. AFFDL-TR-73-52

c. 486" 90. OTHER REPORT NO(S) (Any other numbers that may be assigned

this report)
d.

10 OISTRIBUTION STATEMENT  [)jq¢ribution limited to U.S. Government agencies only; test and
evaluation; statement applied 18 April 1973. Other requests for this document must
be referred to AFFDL (FBA), Wright-Patterson AFB, Ohio 45433.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Air Force Flight Dynamics Laboratory
Wright Patterson Air Force Base, Ohio

- ABSTRACT  The objective of this program was to reduce the weight of a fighter wing and
carrythrough structure while maintaining its cost and life approximately equivalent to
the baseline. Innovations in design concepts and application of new materials, manu-
facturing methods, and analysis techniques were to be expected.

General tasks of the program were to provide for concept formulation, first iter-
ation preliminary design, material property testing to support preliminary design, and
preliminary planning and cost estimation of a separate follow-on program. An additionJl
task, initiated several months after the basic go-ahead, was to consider the new Dam-
age Tolerance criteria sensitivity and trade studies, utilizing the baseline structure
maerials and spectra, and by imposing '"USAF Damage Tolerance Criteria," MIL-A-008866,
dated 18 August 1972,

The report is divided into three volumes: Volume I contains the basic report,
Volume II contains the damage tolerance criteria sensitivity study, and Volume III con
tains the results of the materials test program.

~ The structural wing box of the Northrop F-5E Air-Superiority Fighter was selected
as the baseline structure to provide realistic structural and functional constraints
and requirements for the study. It is a dry wing, all-aluminum, multi-spar design.
It can carry a large variety of external stores and weighs approximately 1000 pounds.

From a large variety of initial concepts, three designs emerged as having potentia
for further study and evaluation in a follow-on program. These are: (1) a full depth
honeycomb design, featuring titanium skins and aluminum core, (2) a six-spar design
featuring aluminum upper skin, titanium lower skin and substructure, with extensive

CONTINUED)

DD ;'&?..1 473 Unclassified

Security Classification




DD FORM 1423 (CONTINUED)

Abstract (CONTINUED)

use of welding between the lower skin and substructure, and (3) a six-spar
all-aluminum design, somewhat similar to the baseline, but utilizing sine-
wave spars, titanium tip and landing gear ribs, and some newer aluminum
alloys.



Unclassified

Security Classification

KEY WORDS

LINK A LINK B

LINK C

ROLE

wT ROLE wT

ROLE

Weight Reduction

Fighter Wing

Design Concepts

New Materials

New Manufacturing Methods
Analysis Techniques
Preliminary Design
Materials Testing
Follow-on Program
Baseline

Damage Tolerance Criteria
Substructure

Sine Wave Spars

Precision Forgings

Full Depth Honeycomb
Titanium Castings

Concept Ranking

«U.S.Government Printing Office: 197

3 — 758-427/206

Unclassified

Security Classification




